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1. INTRODUCTION

The emission of visible light from a chemical reaction or by a living

organism is a striking phenomenon and a rather remarkable occurrence. Perhaps

stimulated initially by the mere peculiarity and uniqueness of such

events, interest in bioluminescent and chemiluminescent reactions has grown

and diversified significantly over the past several decades. Today the

reasons for interest in chemiluminescent and bioluminescent systems are

remarkably varied, and the field is quite interdisciplinary.

Identification of the varying biological functions, classification of

the bioluminescent relationships between different organisms, elucidation of

the detailed reaction pathway, and the possibility of convenient study of the

effect of enzyme or substrate modification have all been Prime motivations for

the study of bioluminescence (McCapra, 1976 ; Henry and Michelson,

1978 ; Hastings and Wilson, 1976 ; Cormier et al., 1975 ). Interest in

chemiluminescence has been stimulated by its remarkable sensitivity and often

selectivity as an analytical tool. As a result, chemiluminescence has found

extensive application in the detection of trace metals in solution (Montano

and Ingle, 1979 ; Marino et al., 1979 ) and of metabolites and hosts of other

substrates (Mendenhall, 1977 ; Williams and Seite, 1976 ). Still other

interest in chemiluminescent reactions has been directed toward the development

of a commercial, portable, "cold" light source ( Rauhut, 1969 ).

Of most relevance to the present work, however, is the interest in

ciemiluminescent reactions penerated by their relation to fundamental molecu-

lar transformation. and dynamics. Study of these reactions promises to yield

imr,)ortant Information concerning these molecular processes. To this end,

attention h;, focused on tho reall v extr;ordinarv step of the chemiluminescence

process, the -,emfexcit ation step, t he no ,oadiabatic process in which a
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ground state reactant is transformed into an electronically excited state

product. It is within this step that most of the mystery and intrigue in

chemiluminescence remains.

The field of chemilumineseence has experienced tremendous growth and

witnessed significant advancements in the past decade. To a large extent, the

recent progress toward the understanding of chemiluminescent processes can be

attributed to achievements and advwncements in three general areas.

The first area of achievement was the discovery and subsequent intensive

investigation of the chemiluminescent reaction of 1,2-dioxetanes. The dis-

covery of this reaction, a simple unimolecular rearrangement, has allowed

exnerimentalists to focus on the study of the key step of chemiexcitation.

Previously studied chemiluminescent reactions often involved complicated

reaction systems and sequences, required several reagents, and often afforded

multiple products via transient intermediates. While some such systems have

yielded to intensive investigation, the most revealing probes of chemiexcita-

tion have been studies of simple unimolecular rearrangements such as that of

the 1,2-dioxetanes.

A second area of recent advancement has come in the general field of

electron-transfer chemiluminescence. While electron-transfer reactions con-

stituted some of the earliest examples of chemiluminescent reactions in

solution (Dufford et al., 1923 ), the reaction systems were often complex.

This, compounded with low yields of light made interpretation of results

difficult. More recently, electron-transfer chemiluminescence has been

investigated extensively as electrogenerated chemiluminescence (ECL).

In this technioue, radical ions ultimatelv capable of chemiexcitation

bv electron-transfer are nrodur',d by electrochemical means. Such systems are
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more easily controlled than other chemically oxidative systems, and hence the

results of such ele.etrochemical experiments are more readily interpreted.

Thus, through ECL studies significant progress has been made in recent years

toward the understanding of chemiexcitation by electron transfer.

A third general area of recent advancement which has served to stimulate

interest and has offered new insii,hts into the processes of chemiluminescence

has been the identification of chemical Iv initiated electron-exchange lumin-

escence (CIEEL) as a general mechanism for the chemical formation of light

(Schuster, 1979 ; Schuster et al., 1979 ). This mechanism links what had

been two very separate domains: the chemiluminescent rearrangement of high-

energy-content organic molecules and electron-transfer chemiluminescence.

The recent studies of 1,2-dioxetane chemiluminescence, ECL, and CIEEL

have brought significant advancement to the field of chemiluminescence. The

relatively simple nature of these processes has allowed attention to be

focused on the nature of chemiexcitation and much has been learned. In addi-

tion, these relatively simple systems subsequently have been advanced as key

intermediates, key steps or key sequences in many more complicated chemi- and

bioluminescent systems.

A vast amount of experimental data on chemiluminescent reactions in

solution has been reported during the last decade. This, and the height of

general interest in the field are evidenced bv the large number of review

articles published in that period. These include general reviews of organic

reaction chemiluminescence (Rauiht, 197) ; Hastings and Wilson, 1976 ;

Gundermann, 1974 ; White et al., 1974 ; McCapra, 1973 ; .oto, 1979 ; Brandl,

1979 ; Kamiva, 1980) and bioluminescence (M-('ipr;i, 1976;

Henry and Michelson, I078 ; Hlastins,,g and Wilson, 1976 ; Cormier et al.,

1975 ) as well i:. reviews of more narrowl defined scope on the chemiluminescence

of 1,2-dioxetanes (Bartlett and Landis, 1IQ79 ; Horn et al., 1978-79 ; Adam,

1977; Wilson, T., 1976; Turro et al., JI U4a; Mumtord, 1915), the chemiluminescence
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of hydrazides (Roswell and White, 1978 ; White and Roswell, 1970 ), electron-

transfer chemiluminescence (Faulkner, 1978 ; Hercules, 1969 ), electrogenerated

chemiluminescence (Faulkner, 1976 ), and the electron-exchange chemiluminescence

of organic peroxides (Schuster, 1979 ; Schuster et al., 1979 ).

In this work we shall examine the general requirements for a reaction to

be chemiluminescent, present in more detail the three important generalized

mechanisms of chemiluminescence in solution, and finally discuss specific

chemiluminescent systems.
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[I General Requirements for Chemiluminesceiice

Why should any chemical reaction generate electronically excited-state

products when it could generate the same species in their ground state?

Despite the seeming plethora of available data, this question, the fundamental

question concerning chemiluminescence in solution, remains largely unanswered.

Yet certain general requirements which must be met for a reaction to be

chemiluminescent are readily identified. In this discussion we shall present

these requirements, and then look at additional factors and components which

are thought to influence the efficiencv of a chemiluminescent reaction.

Ultimately, all chemiluminescent reaction sequences can be reduced to

two key steps, the chemical excitation step (which may, of course, be uni-

molecular or bimolecular) and the emission step, (enuation 1). The overall

quantum efficiency of a chemiluminescent reaction, 0 CL' defined as the number

A excitation B emission
AB* - ) B + light()

of einsteins of light (Avagadro's number of photons) produced per mole of

reactant, is the product of the efficiencies of the individual steps (equa-

tion 2), where 0 CE is the efficiency of chemical excitation and 0EM is the

0 = 0 x E (2)C11 CE EM

efficiency of emission.

An obvious renuirement of a chemiluminescent reaction is that a product

molecule be canable of receiving the chemical excitation energy and forming

an excited state. Typici ly, for chemiluminescent reactions of organic mole-

cules in solution, the energetically :wcessible excited states are of aromatic
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hvdrocarbons and of carbonvl compounds. For chemiluminescence

to be observed it ia; al ;o necesar,. 11cit the electronically excited product be

capable of luminescing under the reaction conditions. If 0 EM is low, as is

typically the case for tite carbonvl chromophore and for virtually all triplet

excited states, then the overall efficiency, 01 ,' will be low even if the

chemiexcitation efficiencv, 0 E1 i" higoh (1'orkm,i and Kearns, 1966 ; Calvert

and Pitts, 1966 ) In ,;uch icse i i,i-; difficultv can be circumvented iiv tile

addition of a suitable acceptor molecule which is excited by energv transfer

and subsequently emits light. An additional term for the efficiency of energy

transfer, 0 ET miust then enter the overall efficiency calculation.

Fortunately, the factors which affect 0 and 0ET are farilv well

understood. Through careful app i cation of (he rules

derived from photochemical studies of energy transfer reactions it is possible

in most cases to efficiently convert the chemicallv generated excited state to

a photon of light (Wilson and Schaap, 1971; llovakov and Vassil'ev, 1970 ).

Thus one is able to focus attention on the much less well understood factors

which affect 0 C" These factors are the subject of our remaining discussion

on general requirements for chemi luminescent reactions.

Certainly the most strinoent requirement for efficient -hemiexcitation

is one of energetics. Oranic chromophores have excited state energies,

,%E*, in the range of 50 ti, 100 kca I/mol, and the energy

required to populate the excited state chemically must be supplied by the

reaction. Moreover, in a multistep reaction, the necessary energy must be

released in a single step, due to the essentially instantaneous nature of the

chemical excitation. In a multistep reaction in which the Individual steps

are unable to provide th i,'cessarv oner),v for e.'citation, energy

released in an early step will be dissipted in ,,olution by vibrational
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relaxation and hience will not be av 1i i able [o supplemient the energy released

by a subsequent step (R.ouinit tj ., 106511 Rauihut * 1979).

'rile major source of the energy% requl rod for excitation is the reaction

ent ha lpy, All r. There are niume rous; ex;.rnp ies, howeve r, of ciem i lutminie scent

react ions in which the energy' of OW li os r h pston is, vrca ito r than AHr

(Bartlett and Landis, 1979) Horni et al1. , 1978-79 ; Adam, 1977 ; Wilson,

1976 ;Turro e t al ., 19 74h; Nminfolrd , P) 75 ; McCapra , 1966 ; Lechitken et al.,

1973 ).In these cases, where the reaction enthal-pv alone does not provide

sufficient energy for exci tation, i, -AI AE*, additional energy mav be
r

provided by the activation eixthalpv oF thie react ioii, MA 1.1T11s, the first

law of thermodynamics is satisfied by the requirements oif equation 3. An

objection to the inclusion of All for satisfaction of the energv requirement

had been made on thermodynamic grounds (Perrin, 1975 )but was later shown to

be incorrect (Lissi, 1976 ;Wilson, F. I ., 1970).

XIM + .\l \I.* (3)

The energv requirement of equir tcn 3 is a necessary but not a sufficient

condition for a reaction to be chem iiuintescent (Richardson, 1980) . While few

organic- react ions meet this roeiuirefyent , and this accounts mainlyv

for the rarity of c'lemi I umiurl(soce 1~, there-t are'L other important factorsL Which

influence first whether a reaiction will be chiemiluminescent and thereafter

the efficiency of chemiexcitation. Provided the energy requiirement is met,

there still must be a reason for the rather amazing non-equilibrium format ion

Of excitedl state i~rodiict, Inh tIii s zec't ion we, will discuiss, those lact ors *

which are thiotirlit to faivor t IO aol ca't is of 1n eXCited s~tate' over a1 ground

state Produict.



Quailitative reasoni ns rests oti ti n Fratnck-Condon Prinicple (Birks, 1970

as a basis for identi fv ing the k inet i, fact ors whici favor a path leading to

excited state products. In short, this principle holds that cenvirsiOn be twen(

electronic states occurs without a chauge in moleculiar geometrv. Nuclear

positions and momenta can change on I'v over ;1 1 i, P ti- -It i \, to

state changes (and electron t r;ns fers ) wh i -h -- ii, inst;ntane0uslv.

This principle has import ant imlp Ii at ions for requ i roments on mole u i ar

geometry which will affect the effic ie'cv of a cherniluminescent react ion.

Since the state transformation fromn ground to excited occurs without a change

in geometry, it will be most facile when the geometry of the transition state

of the reaction is similar to the geometry of the excitod state of the incipi-

ent chromophore. If the transition state geometry and the geometry of the

excited state of the product are similar, formation of the excited state may

be preferred over formation of the ground state since less mechanical restruc-

turing will be required. Typically in a rearrangement reaction, honds which

are being broken and those which are being formed are longer at the transi-

tion state than in the ground state of the reactant or product. Significantly,

the bonds of an organic chromophore are typically longer in the excited state

than in the ground state (Moule and Walsh, 175 ). Thus it seems best suited

to chemiexcitation that the bonds of the target chromophore be involved

directly in the rearrangement.

Possible examples of the importance of the coincidence of transition-

state and excited-state geometries and also the importance of the location of the

essential reaction or localization of reaction energy are the chemiluminescent

rearrangements of Dewar benzene (1) and Dewar acetophenone (2) to benzene and

acetophenone, respectively (l,eclitken et al., 1973 ; Turro et al., 1974c;

Turro et al , 1975 ) The efficiency of excited state production though

quite low is approximately
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the same for both systems. Yer t t ri plet of acetophenloll is more access;ible

energet ical lv than that of belizene ,, aiV ut 10 kcai/mol ind one might have

expected, had energy considerat ions hee7 of prime import ance, that the yield

of excited states from 2 would be subs tan~ iill% higher thani from 1. A pos-

sible explanation for the observed results lies in the geometric requirements

imposed by the Franick-Condon Principle. Inl '- the key bond-breaking and making

processes occur in the berene In remote from thle finial localization of

excitation energy ini the carbsniv] region. The geometry of the lowest excited

state of acetophienone, which is n7-* in character, is characterized by' anl

elongated carbonyl bond. Thle geoT,,-rv of the transition state for reaction 5,

however, is probably characterized I-'- an elongaited para carbon-carbon bond and

a carbon-oxygen bond of niormal enr.Thus, reasonable coincidence between

the transitioni state genmet r% and exci ted state product geomietry is not

expected for reaction 5.

Another example of the hica (,f io-.it i.), :o itt' and extd staite geometry,

congruenciles can be founid inl thle ciemi I ini: i'- (,:it react ion of I , 2-d loxet anes,

equation 6. The exci ted stakte ot tonl'v'is know to he bent,

with thle oxygen c.20' abheyc b e 1)pii- mt, in 1- the caIrbon and its two
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3

hydrogens (Moule and Walsh, 1975; R.iynes, 1966), and otier simple carbonyl

compounds are usually assumed to adopt a stmiIa structure. 1,2-Dioxetanes

suchi as 3 generate excited sf-,ite ;'.rhonvl prodiiits with high efficiency, and

it has been noted that their geometry approaches that expected for the excited

state of the carbonyl products (Numan et al., 1977).

The geometric requirements4 ;posed hv Franck-Condon tactors necessitalt

a re-evaluation of the energy requirement of equation 3. The requirement must

somehow account for any non-congirence Ietween the transition state geometry

and the geometry of the excited state. ID equation 3, AE* is the energy of

the excited state at a relaxed geometry. If there is geometric non-congruence, that

is the excited state at the relaxed geometry is not acessible, then the cross-

ing between the ground and excited state must occur at a non-relaxed geometry,

one of higher energy. Thus a geometry factor, AE' must be added to the energy

requirement:

r + A (7)

Uhile the magnitude of .,' is very difficult to evaluate due to the inherent

difficulty in predirting the shapes of the potential energy surfaces, it may

well bo significant and thus sh ,nid not he neglected.

An alternative (vet equivalent) statement of the Franck-Condon Principle

is that a molecule cannot accept a Iirge amount of kinetic energy instantaneously and
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thus become mechanical Iv exc, it cd . iii; q ie ed in a react inn, meaning energv is

released in period ot t ime noi the *r?-!tcr of Ol I ess than thle t ime of a vibrat iun,

combine with ig exnerg icit v, f avors ora n f an1 elect r'nliCAllV exci t ed

s-tate nvet tormation of ai higly vibrit > I Iv exci t ed i~i oittd ;t ate. F I (,t 1c-ol

risfer reactions have an inherent :advanrt i *c I at lie f ormait i on of exc i ted

-tites inti epc.The e let r-Iol t IanIls tolo 'cuirs fast , %,:i t hnut a changei

ini geome t ry, and the re I iit i ve i ~'r T)roces s onf ene rgy( dissi pa t inni t Iiro, iicl

bond vibra tion is not of fect i ye IlV coripe t it ive w ith elIectronic exc i tat inon.

Fo r re.a r ran gemen t a n d f i% i nii t a t-i on rea ic t i ons t I i i s k i met i c c rntie t i t i n

between mechlan icalt e xc i t at- i on and eIec(-t ron ic e xc i t at ion su igges ts tha t i m it ing

the number of vibratioenalI modes of the produict will limit the capalbility of

the react ion to dissipate ene rgv vi brat ionsa IlV. I t hais been suggested, there-

fore, that the format ion of sinai I molIecul1es favors sel ect ion of the excited

state (Rauhut, 1969 ;, Raiidmit , 1979 ). Numerous examples of ef ficient chemi-

luminescent react ions wh ich do not involve the formation of small products,

however, force one to quiestlo>u the immportance oif such a reiuirement (Schuster

et al ., 1975 ; Zaklika et A!., 11)7,.1; fliXOn, 1N81

A theoretical trca tment of chlri i luminescent reactions hias been presented

by Marcus ( 1965 , 1)97(10 AIt houji, developed for electron-transfer reactions,

this treatment appears t o bie appli cable to nother chemi luminescent react ions

when approp r iatel v modi f ied . The importanoce of~ t arct ns then rv is that it

demonst rates that other ftc tors besides encriet ics , which miighti loose! v be

termed gnome try , are also import ant iii determining whether a react ion will be

cliemiluinescent . A useful descr ipt ion ind disicussion of Marcus's treaitiment

has been given byv lHerciilIes, (1 901

Miarcus cons ider ; th(i re ai vo pv,,h i' ilit Ins for an ci ect ron-transfer

reac t i on l ead in g c ,vxc i t ed s tit te 1)rodu i vs, k . glround s ta te produc ts in .ermns

of the access Ibit it v oif cross ip point ;of tihe free energy surfaces. Mos t
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importantly, the accessibility, or a, iv,.ti,,n free energy, A G*, is related to

the free energy of the react011, V . For a reaction proceeding to a given

electronic state, the barrier AG*, initially decreases as AG becomes increa-

singly negative and then, most significantly, actually increases as AG con-

tinues to become incrL'asingly negative. fhuK, for highly exoergic reactions,

the harrier to formation of the gr,)und state mrv actually be higher than the

barrier to formation of the eXcited sttte. The situation, however, may be

complicated if there are large configurational differences between the ground

and excited state of the product, whicli would result in a decrease in the

accessibility of the excited stato :ind hence an overall reduction in the

chemiexcitation efficiency. Whilt, difficulty in evaluating the various

parameters of Marcus theory, especially a, influenced by configurational dif-

ferences, is a shortcoming, this treatment does provide a useful picture with

a theoretical basis.

Still other factors may be important in influencing first whether a

reaction will be chemiluminescent and second the efficiency of chemiexcitation.

Spin orbit coupling factors could play a significant role in determini.ng the

efficiency of triplet state generation (Turro and Lechtken, 1973 ) and thus

could be especially important fcr reactions in which only the triplet state

and not the first excited singlet state, was energetically accessible. Finally,

the possible influence of orbital svmmetry constraints, which is of consider-

able historical interest at least, has not !,en fully evaluated. It has been

suggested that orbital symmetry forbiddenne-; Is a prerequisite for a reaction

to be efficiently chemiluminescent (McCapra, 1968 ), a concept which was

endorsed and expanded by others (Kearns, 1969 ). For concerted pericyclic

reactions, "forbiddenness" doc;. provide a? hw,,, ener- crossing of ground and
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excited state surfaces and conseltIVnt~v di rVct formation of electronical lv

excited products would he predi-ted (I)ewar eL. al, 1974 ; Iturro and Dev:iquet,

1978 ). However, there have been no experimental verifications of the con-

certedness of what would be a "forbidden" pericvy lic chemiluninescent reaction,

nor has a direct comparison of orbital svrnmn c:v "al lowed" and "forbidden"

processes which are potent i-il Iv ckmv tiinescent , been made.



I I I t;eneral ized Mecht~i isinls tor(!i Ilmi I I * nt,, .I, t Uaiic Compounds in Solut ion
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igoes Ii exergon i k r eac t i ii, t i ,2. i11% it *'v:...i it I rt trag)men t at it n, t o

gene r.ite a p roduc t me, Ie o,11v ., t I ,i" 1-Ii !i vx i ted -A ate. It I f;

init ially formed eXC itCL vte t-i -; or i - i \,v, d iret' hemli * tiru -,I e!Iest

AlternativelIyv, the i t i i I ,' tr,,,., -x, i ted ,t it tc in t rln'ttI . I t enicrv .

a suitable acceptor mtie't i,. OP .ntitei.t; litI .1,011 tli' - c rim, t
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-ire included il thi-z ,etteril - hti ire t -e till Iille Ill Ir t I- .'rtitit1 iii1 '1

I ,2-dioxetanes, the rt-arrlnt11'.emcirw , liuwar t-;<n ,Inid the c as' ; i '11 chemi-

luminescent reactions A Immi1

The second generat II, i-i tni tor hetmic.iI lighit I ormatlon is one-elv-ct ron

transfer (Faulkner, 1070h ; I ik-rc , Pi7> ; lerciulev-., 11469 ). 1the simpit-t ,f

bimolecular reactions, oetee i .- a ron-t rurv yr react ions posse-ss severa I

additional characteri j t i whit h nil-, !,cr, j-l.ip,, the most ilituitilye l

reasonable choice for Ie~~ '. i - hemi Itiminevscent ret -,

t ionfs
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The electron transfer chemlexcitation is shown schematically in molecular

orbital terms in Figure 2. Although other electron transfer reactions are

potentially chemiluminescent (Tokel-Takvoryan et al., 1973 ), the charge

annihilation reaction of oppositelh charged aromatic radical ions is the proto-

typical case and has been most extensively studied. This is due to the con-

venient preparation of the radical ions by electrochemical means, the

large range of redox potentials which are available, and the high fluorescence

efficiency of the product aromatic hydrocarbons (Faulkner, 1978). This tech-

nique for light formation has become known as electrogenerated chemiluminescence (ECL).

Transfer of an electron from the radical anion (D-) to the radical

cation (A t) results in chemiexcitation. Subsequent emission from the directly

formed excited state, or one derived therefrom, results in chemiluminescence.

As depicted in Figure 2, the donor (D) has received the excitation energy.

In fact, depending on the svstem and the relative energetics, either ion pre-

cursor may become excited and subsequently emit. Figure 2 also depicts forma-

tion of an excited state of singlet multiplicity. The triplet state may, of

course, be formed as well. In fact, in many systems the excited singlet is

energetically inaccessible and the triplet is the exclusive excited state

product. In such a case, the olt imate fluorescence which is observed comes

from a singlet state which arises from annihilation of two triplets formed

directly bv two distin(t redox events (equation 8).

"3 *3 ___ *1 ___

A + A 0 A + A 1 fluorescence (8)

A third generalized mechanism for ,hemiluminescence of organic molecules

in solution has been Identified recettl, as jhemicallv initiated electron-

exchange lmilnescence (CIEEL) (Schuster, 1474 ; Schuster et al.. 1979 ). In

essential features it is a combination of the two previously described mechanisms

for excited state generation. A schematic representation is given in Figure 3.
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excitation emission

Tr>

D- A +  D A D A

radical excited ground
ions state state

Figure 2. Electron-transfer chemiluminescence.

Radical ion annihilation is depicted.
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In short, the sequence is initiated by one-electron transfer from a suitable

donor molecule (a.tivator, ACT) to h Iiigh energy content organic molecule (a

peroxide for all systems described thus far). Subsequent rearrangement or

loss of a neutral fragment (carbon dioxide for example) transforms the reduced

peroxide into a highly reducing spec i-: in the form of a radical anion.

Charge inihilation then generate: :in electronically excited state of ACT and

the final step of the sequence i emissi[on from ACT. F ich a sequence, in 'ihich

the emission of light is from an excited state formed directly from a bimolec-

ular reaction between subs trate and catalyst, has been termed activated

chemiluminescence (Dixon auod Schii-ter, 1979 )

The net transformation in the C7iEl sequence involves conversion of a

high energy content molecule to products of much lower energy. This trans-

formation ultimately is the source of the large amount of energy required for

chemiluminescence, and in this respect CIEEI. is related to the first generalized

mechanism. Bond energy is converted to excitation energy. The actual mechanism

of chemiexcitation, however, is the radical ion annihilation case of the more

general electron-transfer chemiluminescence. CIEEL differs distinctly from

ECL, however, in that the radical ions are produced chemically rather than

electrochemically. Moreover, ('111. has an advantage over ECL in the strive to

achieve maximum efficiencv in che-iiiluminescence in that the highly reactive

radical ions which ultimately annihilate are born within the same solvent cage.
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ACT + Peroxide --------- ACT PeroxideJ

rearrangement
or

(neutral
fragment)

ACT* + Product <ACT tProduct 7

1V
LIGHT

Figure 3. Chemically Initiatec1 Electron-Exchange Luminescence



IV Cliemi Iuminiescence of N ciiarS's m

A. Pe roxyoxatlate(Tei unnccenc

The reac t ion of ce rt a ini do riva t i ye f o~a Iitc ac 1d wi th h~d rogeti pe roxide

in the presence of a suitable flircrropreseitst an eairl v demonstration of

a relatively efficient, (c-~vn t he i i tmi escen t s vs te ( Raihu t, I9b9 )

Work in this area was initit ed i' thie report of Chandross on the chemilI imin-

escen t react ion of oxA I v clior ide and it\d rogen peroxide in the presence of

an thracene (Chiandross , 1 963).~ Mi ic in suibsequient work Raiihuit was ablIe to0

maximizec the quantuIm eff tC cIICv, of (htis reac tion at 57" (RaIuhut et al ., 1966

the ma ior advancement in tii areai came its' ii the discovery, also by Rauhut and

co-workers, of the even higi'her quanturn efficiencies whii ch were obtainable from

the reaction of certain electronegaitive lv subst itut-ed arvi oxalates with

hydrogen peroxide anid fl1uores cen t compounds ( Raub ut et1 al1., 1.96 7)

A remarkab iv wide ranige of ox Uahas been investigated, and it is

c lear that a high qiian tur! ef f icicv requi res a go~od leaving iroup. Bis (2,4,

6-t rich 1oropluenv1)oxa Lit e and lis (2, 4-d i nit rolphenv1) oxail ate are popular

examplies, and have enj oved use in deli ghitful d emons trations (IMolian and Turro,

1974 ) . Efficiencies as high ais .2-27,ive been reported with these esters

and tioresce r- suich as rub rene . The 1ii'l hvie Id~ of i iht is the resuilt of a

highi -Ff1 cientcv oif singl1et ox' it at ion of the f Itunrescer which can lie achieved

b vc-a re fulI chi ice ofr eoac t i on t con 'i t i on s , and thle hi igh fluto resce-n ce o ff i (- ienc y

of the fli norescers ihih 1ciaro et'p I wed. The mechan i si for thtis react ion,

alIthough st illI tvntiat ivi, feat iturt 1 ,'2-d ixe tauod iout, (4) a-- the key inter-

mediate. Unfort tunatvelNv 4- ha-s cent inxed to 01 tde direct detect ion (Cordes

et al., 1969 ; lle~orpo et al., 1972'- St atiff' ot _A1., 11172 , N '76 ) , and somi'

earl v e vidence for thle mvt as t bil it v o t c ke i-o interuned(i ate toward unimolIecu lar

decompo it on has been quest imevd (Wh ite c itlal., 19i'3).



0 0 0 0
)LiL + V120 2 (9

4

4 ± F L > -CC 0,4 F L (10)

The intimate role of the flUoreSCer in this chemiluminescent system was

appreciated early. While the fino1rescer is indepenident of thle key intermediate

(thus allowing a choice of emission wave length by the choice of a suitable

fluorescer) (Rauhut et al. , 1975 ) , the fluorescer appears to catalyze the

release of thle energv stored in tile intermediate and direct it toward the

formation of excited states. Railuit (1969) ugetdthat this catalysis

was due to an iniitiallv\ formed chanrge-transfer compnl-Iex between the fluorescer

and thle intermediate. The intimate role of the fluorescer was further

demonstrated by Lecht ken and Turro (1974) and SheLrmain e t-a 1 (1 973) who showed a

devendency of tile chemilumine.scence efficiencV Lin the nature of thle fluorescer.

In particular, the intenisity was found to fall off slowly with increasingi,

singlet energy of the Fluorescer. ',uch behavior is not typical of conventional

energy transfer and suggests that the fluorescer is excited in thle ehemiexci-

tation step.

Mc('-pra (1973) expanded thle ideas of Rauhiit and suggested , as an interest-

In osib ii t v aIn exc itat ion mec han ism whic jhad cert a in features in common

with electron-transfer chemilIumninesen ce . Elect ron trins fe r from t he f I torescer

to thle p resumed di oxe taieod i me , tol1l1owed dwtecairhoxv1 at ion, generates carbon

dioxide radical an iOn and( tie fT nortesecv rci-ica 1cat ion. ChIemiexcitation

ociir,; lviy nn iil at ion of' these radical ions.



0 0 oo
FL -  -- FL -C2> C0 2 FL ( 11

0-0 0-0

4

CC), FL .... C0 2  + FL+ (12)

This sequence, although highly speculative at the time of its proposal, has

gained support in recent years (Mc(zapra, 1977 ) with the experimental estab-

lishment of the involvement of a CIEEI. mechanism in the chemiluminescence of

other peroxides (Schuster, 1979 ; Schuster et al., 1979 ). Nevertheless,

final verification of the CIEEL type mechanism in this system awaits the

presentation of further evidence for the intermediacy of 4.

B. Dioxetane Chemiluminescence

Bv far the chemiluminescent reaction which has been most extensively

investigated over the past decade is the unimolecular transformation of the

1,2-dioxetanes to two carbounv-containing products, one of which may be formed

in an electronically excited state (equation 13). Before the preparation,

isolation and characterization of ,i stable dioxetane was first reported

0-0 +

RI Pk P2  R J PR (13)
2 3 1 2



by Konec ky and Mumford ( ] Y6, dioxet rues- had received considerable

attention as potential iirtermediite.a in marrY chemi- and bioluminescent reac-

t ions. This early suggestion, made hv Yr iltc ind llardinr ( 964 , 1965) ratioanali zed the

apparentliy ubiquitous role of oxvgen, is wellI as the common appearance of

car bony I-containing products, in H iese rcob tion - . M-oreover, the expected

great exoergicitv of this reaict i o,, due ii part to the weak oxygen-oxygen

bond and the strain energy of thi- iorr-membered ring, appeared to meet the

energetic requirements for an efficient chemiluminescent reaction. Finally, orbital

symmetry ideas, which were quite (asionabl ict the time, predi 'tud a symmetry

allowed transformation, if concertLed, to o:xcited state products (McCapra, 1968).

Kopecky's synthesis of trinethivldioxetaine employed the base mediated

dehydrohalogemation of 2-metliyl-2-hyvdrn pe~roxv- 3-bromohutanie. Subsequently,

this type of eliminative cyclization (equation 14) has been applied to the

preparation of scores of dioxetanes. Additionally, many dioxetanes have been

prepared by the addition of singlIet oxv,,en to the electron-rich olefins which

do not -ossess all clic hvdrogens (equatrionJ 15) a method discovered first by

OOH R, A9b 0-0)

R, B r RR,

R, 4



Bartlett and Schaap (1970). N oro it Iv thin procedure has been expanded to

include some trisubst itutCd )lefins oi\;veld and Kel log, 1980). The wide applic-

abilitv of these procedure. to the preparation of dioxetanes of diverse structure,

ind what proved to many workers to be a o;,urpri sin, stabilityv of most alkly and

alkoxv subst ituted dioxetunes, have fitcilitatred their studv and contributed to

the tremendous amount of activitv in the fic. ld. To date well over 100 dioxetanes

have been prepared and scrutinized with the objective of elucidating the ntuchn-

istic details of their remarkable transfI.; nation to excited state carbonvl-

containing products.

I ,2-Dioxetanes have been Clie t 'I LCever: ope, iaI iz Cd reviews

in recent years (Bartlett and Landis, 1979 ; Horn et al., 1978-79 ; Adam,

1977; Wilson, T., 1976; Turro et al., 197 4 .i; :!uwford, 1975). These articles

cover with depth which is not possible here such dioxetane topics as 1) prep-

aration, 2) physical and spectroscopic characterization, 3) experimental tech-

niques, especially for the study of chemiluminescence, 4) mechanisms of decom-

position and chemiexcitation, 5) ground state transformations, and 6) reactions

involving dioxetanes as postulated intermediates. The interested reader is

referred to these articles for details on these specialized topics, and for

some historically interesting perspectives.

In this treatment we will limit ourselves to a discussion of work which

deals directly with the mechanism of the decomposition of 1,2-dioxetanes and

with the mechanism of chemiexcitation, paying particular attention to the

efficiency and selectivity of this process. Emphasis will be placed on the

most recent results and developmentos in this area.

In the past few years two rather distinct classes of chemiluminescent

dioxetanes have be,-,me evidej, . Alkvl, ;lktux,.', and simple arvl substituted

dioxetanes, which includes the earliest di,,xetanes prepared, are characterized

by reasonable stability (E =23-30 kcal/mol), excitation efficiencies in the

range of 5-30%, and a high rattio of triplet to singlet excited state products,



typically more than 50 to I. Dio::, (an,-; .it aminoaryl and other easily

oxidized substituents differ r.rrkt, I I from the first class of dioxetanes.

They ire characterized bv much lower ac' ivat ion energies for reaction, differ-

ent solvent effects on the decomplo-; iti. n reaction, a high vieId of singlet

excited states, and, apparent Iv , U fl eire" mci nism for reaction and

chlemiexc i tation.

\ me chaIr i ,,; 1" 1 L L k f - Ii . xe ta, , x e decomposition

bv McCapra (1968) rv,) tiiusized sirultaneous cleavaige of the

oxygen-oxygen and the carbon-cairh, i,,i-ds in a concerted manner 1eading, as

predicted by orbital correlation, oiret y to cxcited state products

(equation 16). While this mechanism was able to account for the experimentally

observed high yield of excited state pr,dUcts, it did not in this simple form

account for the high ratio of triplet to sinfilet excited state products.

Turro, therefore, later expanded this picture by suggesting that the spin

multiplicity change occurred simi|ltaneousl,] with bond cleavage through a

spin-orbit coupling mech~irism enhanc'ed by a rotation of the electronic charge

on one oxygen atom by 90" about tict i-0 axi.,; (Turro and Lechtken, 1973 )

070 0 0*
Concerted: ____+ .(16)

O7k + 'J-

Biradical: C00. .Q (17)
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The other mechanistic extreme is the two-step mechanism, first considered
bv ',hite and Harding (1964, 1965) an," exanined experimentally first
/by Richardson (O'Neal and Richardson, 1970 ; Richardson et al., 1972). Clea-

vage of the weak oxygen-oxygen bond generates a short-lived biradical inter-

mediate which cleaves rapidly in a seccnd step to carbonyl-containing products.

The initially formed singlet biradica! is postulated to partition between

singlet ground and excited tdt-itc carbonvi products, and the triplet biradical.

Singlet and triplet states of the biradical should approach each other in

energy with sufficient spatial separation of the oxygen atoms. Hence inter-

system crossing to the triplet via spin-orbit coupling will be facilitated in

the biradical. Cleavage of the triplet biradical should lead to formation of

a triplet excited state product.

To date, no piece of experimental evidence requires a concerted mechanism.

On the other hand, considerable data, although often circumstantial or indirect,

support the intermediacy of a biradical. The initial postulation of

a biradical mechanism was supported by activation parameters determined for

a series of variously substituted dioxetanes (5) (Richardson et al., 1974

1975, 1973) and bv thermochemical

calculations (O'Neal and Richardson, 1970 ; Richardson et al., 1974 ). The

relative insensitivity of the dioxetane decomposition rate to substitution,

particularly in comparing the Dhenvl, anisyl, and benzyl substituted dioxe-

tanes (Sc,d,e) supportscleavage of the oxygen-oxygen bond, which is one bond

removed from the position of substitution, in the rate-determining step. One

would expect in a concerted mechanism that the reactivity of the dioxetane

would be enhanced by substituents which would conjugate with the developing

carbonyl bond. Similarly, a study by Wilson et al. (1976) supports the suggestion

that there is very little carbon-carbon bond elongation in the transition

state of the rate-determining step of the cleavage reaction. Activation
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0-0

R, I  H
R2 H

_ a. R 1 = R2 =CH3

b. R 1  CH 3; R2 = C 6H 5

C. R = 2 = 6H
d. R1 = R2 = C 6H5CH2

e. R1 = R2  CH 3OC 6 H4

parameters for the decomposition of dioxetanes 6 and 7 are identical within

experimental error. Apparently the added 3-4 kcal/mol of ring strain of the

bicyclic dioxetane 6 is not released until after the transition state has been

passed.

0-0 0-0
H HH H

0 0 C2H 50 0C 2H5

6 7

in fact, the largest effects of substituents on the activation parameters
of dioxetanes belonging to the first class

for decomposition/are attributable to steric effects within the

framework of a biradical mechanism. The extraordinary stability of the steri-

cally crowded adamantylideneadamantane-l,2-dioxetane (8) (Ea = 35 kcal/mol)

(Schuster et al., 1975 ) and of the norbornv Iidenenorbornane-l ,'-dioxetane

(Bartlett and l}o, 1974 ) suggest a transition state of the rate-determining
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step characterized by extensive elongation of the oxygen-oxygen bond and hence

further compression of the bulky substituents. Significant carbon-c'arhon bond

elongation in the transition state and the concowmitant relief of steric straiin

among the substituents would have been expected to mainfest itself in a

lowering of the activation energy for decomposition.

0-0

8

A sensitive probe of the mechanism of dioxetane decomposition is the

effect of deuterium substitution on the rate of reaction. Koo and Schuster

(1977a) investigated the reaction of dioxetanes .)a and 9b and found no kinetic

or product isotope effect. This was considered consistent only with a biradical

0-0 0 0

Ph X Ph H
X Ph

9 a X=H
, X=D



me hin i sm. A conc vrt ed mie, halli~ _n, i~j 1; t tie i'hr id i At t i on o f thle r ing

Carbons change f rom Lsp 5t Ow. I ( t le reait i on approaiches the t raisi t ion

stat t,, pred icts , ini oant ris t tto t ;w oxiw r i rkici* re-ouI t , ain i nverse deuterium

isotope ef teCt.

In sum, ai good do~il of exoer imontal I eItu v h~as been izithered which

-upport- although indi rt-ct -.- the intermedi iv of i I ,4-biradical in the

chemi I uminesc-ent reac t in ,i :>i mp1. d ioxet iiie.-. Yet there is no dire, t evi-

dence that such hi rad ica Is exist with finite I i fetines. An attempted indepen-

dent generation of a I , . -h irad ic i Iv byecompos it ion of a di iitrite proved

inconclIusive (Suzuki, 1)7914 [l '11 if IFInence of quenchers , rad ical scavengers,

and external heavy atoms on thle chemil uminescent react ion of trimethyvldioxe-

tane (Simo and Stauff , 1975) and adamari~nt idleneadai~maintane- 1,2-dioxetane (8)

(Neidi and Stauff, 1978) was studied. 11hi lt the aiuthors interpret their

results in terms of a relativelv long-lived precursor to the excited-state

product, namely the 1,4-biradical, thle results are open to alternative expla-

nations (Hlorn et al.., 1978-79 )

Tile extensive experimental interest in the chemiluminescence of dioxe-

tames and the relative simplicitv )I the dioxetane structure have led to a

number of theoretical studies. E.;irlv semi-emnrical calculations appear to

be of little value, their results dependin- on the details of the procedure

used (Dewar and Kirschner, 1974 ; Ao\alfl1 et al., 1976 ; Faker and Hinze, 1975).

The most relijable romputtat ional study reported to date is the ab initio GV1B

cal culat ions of Harding and Goddard (1977),* who conclu tde that the reaction

proceeds through a hi radical interme(Iiate whii ch is l-'cated about 14 kcal/mol

* above the ground state of d loxetaine . Moreover, they conclude that the ei ght

* states of thle biradical (sinwlet and triplet *r , 2; two Ii?;and 2nT,4o) are separated

by only *3 kcal /mol , thus suggesting that the spin multiplicity of the product



irhocnv I compounds nov depend In p). rt ' j]ic cnergv of the excited states

relIat ive to thtes e hbirad i Cas.

Some exnerimerita suiprort for the ide~i Lhat the excited state snin

seLectivitv is dependent on the c 1 it ive energvt ics of the excited states and

the biradica I intermediLate is- der i tId Llt rn ov of 3-acetv 1-4,4-dimethyl-

dioxe tane (10) by Horn aind Schus ter- (1' 2). 'jike reiat ive ly low ratio of

triplet to singlet excited staite tliI v, (1]) %,ich was observed +)

0 0 0 0

CH3  J/ + H (8
CH H C H, C H CH, CH3

10 1

is interpreted as a result of a nearly statistical partitioning of the sus-

pected biradical intermediates amoung the available spin states of the low

energy dicarbonyl compound. Unlike biradicals derived from dioxetanes which

dissociate to simple ketones and aldehydes (Es = 84-88 kcal/inol, Et = 78-80 kcal/moi)

the biradical derived from 1(0 is expected to lie welt above both the singlet

and triplet excited states of metlixIgkyoxal (64 and 55 kcal/mol respectively).

Several recent studies have addressed the interesting issue of electronic

excitation energy partitioning in diqsvinmetrio dioxetane thermolvsis. T'he

first quantitative determination of energy partitioning was reported by Horn

and Schuster (1978). Dioxetaine 1(0 generated not only the excited singlet and

triplet of methyigivoxal with moderate efficiencies (1.6Z and 15% respectively)

but alIso generated a substantial aimount of triplet acetone (0. 5%) . Yet the

triplet state of acetone lies approximately 14 kcal/moi above the triplet of

methvlglvoxal .



Zimmerman et iL. ( ]'47), >74 stidied Ie sric-, of dioxetanes 12. One

Of the primary products is th'; :i I Lexadienone 14 which, if formed in an

0-0 0G

- ~ P hF < ~ P h 1 9 )
Ph PhRhP

Ph P

ab, R =Me RP2  Ph-1e)'

c, R1  Me R = 2-Naphthyl

d, R I N-Bu 2 Ph

excited state, undergoes the well stuidied "Type A" rearrangement. The yield

of excited 14 was found to vary only slightly with the nature of the other

fragment (13) despite the fact that the excitation energies of 13a-d bracket

that of the triplet of 14. The vie Id of excited 14 from dioxetane 12c, is

especially interesting, for the lowest triplet of 13c. (a T71* state, 59 kcal/mol)

lies well below the triplet of 14 (in1 11-,1* state, 68.5 kcal/mol). The authors

suggest that there is a large kinetic factor favoring thle formation of n-'

triplets. However, no direct search for excited 13c was reported, so little

can be said about excitation energv distribuition. Also, the itomet r\ of I 3c

in its lowest, 1* triplk-t may not he simi Lir tO thatL of the reaction transition

state (Franc, k-CondO 11 geome trv f ic t rs ). Fe cati on of III'* ) 3c would remove the

apparent energetic advantage of -13c- over n1l* .14.

Finally, Richardson and his students h;,ve recentl\ reported a study of

excited state energy d iitri hut ion bet ween di ,-smi 1 r carhony I molecules pro-

duced from I ,2-dioxetanes 15 (Richardson et a] 1979). The location of the



exi-iLit ion energy on oine or the oitc r t tit, irbiv I prdttct s ,as determined

.v t rapping wit h oI t iii-, tp~.!'pr).i, h a Bo I /Jliain I ike dist ribut ion

determined byv the a irhoiv I t rip! et ntrit,,,I

a, R1  R' CHI R =H
3

b R H 1 h R~ 11

C, R1 != Ph

Several vears avi) i t ., .i-%; notred titi t thIi ihn vi ,ir r ( L Xj xt t c s1(- t11-.-t i ttjte d

with large resoitnce kgroIinp'; ( f r -x.onp I tI id ,xot ine- o tit I iit ed its int er-

me d iat es i n man iv i oiiim in e s,,e nt rI '1 i oes j Int tc i t Ict I "I t tat ft

S11k vlI, alIki, ii or s i I) Ie . ir''-s Ib1-)t it.t te!I li Xtauc>I (Wi I S 01 , 19 i"h M he

d e COn 11)S it iu p ri)d I I t n ,t, A 1 xevt mei -. ire v t ten iP i Ie lv tI n or es e nt,

Possessing '*lowe-it eix itt! 't I ho xi"!d ot ex ited inglet 5t'tt'

are often remarkahlk'1 highll, .inid the '! i xit 11tn. ii t v. i> sIppire(1nt I I oaw.

I t wa s iugge st ed a It t litit t i nit t hit iiii (Itrr it i -c itchan ism , pe rhaps .i t ru

ciitiii-t ted me-hian fsm , wi--op itri t i ye

In rece-nt \-car-; .evvr.il nvw Ii iXk't .tne-- '411! t ittitt'(1 wi th Ci c i 1V I X i il k'd

\!-u in recent vutr ., tijt- -her'! ilIit ht ired eIt' t r''1--x, hinges~k amine"- t11 C

-hlem~i lumine-i-enct, I ta-wi ert tiii pt-ttx ie-, I -ii -ttt I * -it-itcr ttii t I i
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McCapra (1977 It and Sini,'.er (Let- ind Singer, 1980, Lee et al. , 1976 ) have

stUd jed the N-metliv lacr idan d lOXet142 tue- .Thest, compounds are characterized

by relativelv low activation energies for reaction (15-25 kcal/mol) and by a

high efficiency of sing&let excited state, N-methivlacridone generation (4-25%).

The proposed mechianism involved iutrimiollecu jar electron-transfer (nitrogen

tope roxide bond ) induIced de,,ompoe it iken I cid i u to a charge polarized inter-

mediate (17) . laaeof th i- intermed iate directly generates a charge

1+

,KKR 1  R2

,- Z\-I/

R2  0/ A 20

11 17 N

0

CT STATE

tr i It; er I- V Ill.i k'e t mei t ini I orrn a t lit' exi ted state (if N-methiv Ilitr idoue.

It iI Iut V I- V n t l, IaC' I I~ I I ye V i th t II i ) os ed meehanijum, t hit thIe

id .I)I I 1 1t i( I k

'5 '
1

I i it ed
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d , Ar i

I 2-dioxerane.- in -;t.th i 1 i t\ ind , imi 11 .irl' I enez itc moetrate vie Id t~ riplet

excited States. D'trR12 "-er, the oaiV~xidiized

dimetthvi amtnuiphenv1". I n' t llk'lt * -.'l, t i.I 01! rInC . iVt' tO 18a and 1), and

,ies ecited singIct !i atc-- in hi i % it, I d. '- iA\tr. * herte i.s .1 sklbstanlt ii I

solvent effect '1n the et mesi ion ! * theo rite, o,tant incrvasinv

markedly with inrtuting skIVOW11 it i nt:v. A , Uer'i i II act iva t ed e1c t ron-

rinsfvr me Umwi.m hlas IKc- -,c 1''p~J r P K'hemi ltirinisconce of I~d

itWhich thero is Aol~v kemi t '-. o v' t i; pir t ic -irlIv int r igii i n.

Jr~~ r i : pI ' I l u ' I nrc ' t. 'e t t

t uroc h-- I- n------------------------

i ri t -
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are the N-methl-indolyl SUbstituiteid ioxetzifles studied by Goto et al. (Goto

and Nakamura, 1978; NAkamura and Goto, 1979a; 1979b). These dioxetanes are

of additional interest because of the high-energy uv chemiluminescence (320nm)

which is observed in some cases and the observation of intramolecular exciplex

emission in other instances.

Despite the clear implication of the involvement of intramolecular elec-

t roll transfer in the chemiluminescence of certain dioxetanes, there have been

no clear examples of intermolecular electron exchange luminescence processes

with aioxetanes. InI a recent note, however, Wilson (1979) reports the observa-

tion of catalysis of the chemiluminescence of tetramethoxv-1,2-dioxetane by

rulbrene and, most surprisinglv, by, Y,10-dicvlanoanthracene. While catalysis

by the added fl1 orescers was, noL kineti (all v discernible, a lowering of the

activation energ,, for chemiiiiminescc'nce was observed. These results were

interpreted niot in terms of an ia.u, elect ron transfer with the formation of

ratdicail ions, but roither in term of charge transfer interactions between

f itoresce r and die xc t mc H tit he I is ion comiplIex. In any event, these

re'oilt- certailv e".plia-,iz t, i'nit i-n required in considering the fluorescer

.1 .11 p'lilVe Onc-riv ;iept(er i:2 d!ie-,t ne chemi luminescence.

* 'Ii'~t Iiore (hemi

lilt- ltMi I Ini1nes ('1iiC'If d i>:r iniic' is of particular interest due to

theIi r 1),,tui 1. 1t eI i r I trmt i . I ol bim i ne skc icc reaic t ion s, in clIud ing

t Ilt 0tit fc Iirut I ,tho 'oe in' t-ii 1I1i, mi:d tie ost raced crustacean

I niili 11 ck:T i I'e i cd it-, lilin iii tor th s b lie-( )iI imi nescence

Ie ii IT. I 11 (1. i ct i dit i on ''t 11) s h t rIt v (IuicIF er in) and

II! 'II IT I * f i r j I I. I i T l ti i 1ttk., -it ounts for the

't -ii i'' i l :; the prdiihctioni of carbon dioxide,
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Figure 4. Luciferins.
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'U 0, 1H
C -1-1-c- c + CO2 LICIHN (22

+ - -- o

J-H

In principle, thk, cyclic route is distinguishable from the

alternative, linear route , by labeling experiments. The dioxe-

tanone route predicts that one oxvyen in the CO,, is derived from the molecular

oxygen; the linear route predicts that one oxygen in the CO2 is derived from

the aqueous medium. In practice, experimental attempts to distinguish between

the two possibilities have been the source of considerable controversy, as

will be illustraited for the case of the firefly, but which now has been

settled in favor of the dioxet none route.

18
Early labeling studies em,loving 8 o, (Deluca and Dempsey, 1970) and

even more recent st:udies bv the same group employing 1702 and H 2180 (Tsuji

et al., 1977) cast doubt on the dioxetanone mechanism for the firefly by pur-

porting to show that Co., formed L., not labeled. However, the recognition

of the danger of compLete isotopic exchange of labeled carbon dioxide in

aqueous media (Shimomura and Johnson, 1971 ) in turn cast doubt on these

results. Later studies by two independent groups demonstrated, in fact, that

180 (from 180 ) is incorporated into CO, in the chemil uminescent (non-enzymatic)

reaction of firefly luciferin in dr, dimethvl sulfoxide with potassium tert-

butoxide (WThite et al. l971 White (,t a 1.8, 1 () ) is well is in the biolumi-

nescent reaction (Shiimomura t al. , /i ; Shimoniia aind Johnson, 1979 ). A

recently reported studv of the reaction of 14-carhoxv I- Iai I d luciferin in

.lk .. .
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the presence of 170) and ii()18 bv the group originally opposed to the cyclic

route, is in fact fully -onsister. with the dioxetanone mechanism (Wannland

et al., 1978 ), and its intermediacv now appears secure. Similar labeling

studies support dioxetanone intermediates in the bioluminescent reactions of

Cvpridina (Shimomur and Johnson, 1971, 175, 11,79) Renilla (Hart et al.,

1978 ), and the related Ophorphor (Shimomura et ,al., 1978 ).

In addition to their impLicatiou as reactive intermediates in biolumin-

escence, dioxetanones have been proposed as key intermediates in several

chemihiminescent svstems. Most notable are the chemiluminescent oxidation

reaction of acridan esters (19) and the chemiluminescent reaction of the
Both reactions are quite

related acridinium salts (20) (Rauhut et al-, 1965a; McCapra et al., 1979). /

efficient in singlet excited state generation (0CE = 10% and 2% respectively)

and, owing to the elegant work of McCapra and others, are among the best

understood complex chemiluminescent reaction mechanisms.

N N N

02

CO 2A r HOO/ CO 2A r O\ 0
19 \0

)02  (

N

~ N

COA,*
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Early in the investigation of Ch~emilinIIinescent phenomena, dioxetanones

were proposed as the ke- interr~edi.irC in the chemi luminescent reaction of

diphenviketene and singlet oxygen in thle presence of fluorescers (Bollyky,

1970), a suggestion later substantiated by the preparation of stable dioxe-

tanones by the addition of singlet oxvgen, g-enerated by triphenyiphosphite

ozonide decomposition, to several ketenes (Turro et al., 1977 ; Turro and

Chow, L980 ). Direct cheiniluminescence has also bee~i observed from the gas

phase reaction of ketene with singlet oxygen, affording the first evidence

for unsubstituted dioxetanone (Bogan et al., 1979 )

0.
PC-0

R P

Recently, the chemiluminescence from the base-catalyzed decomposition of an

t-hyd roperoxy ester was described in terms of a dioxetanone intermediate

(eqi;ition 25 ) (Sawak! and Ogata, 1c)77)

0 / HOMe 0 -OMe c00

r) 0 0~
(25)

FLUOPESCER

-C0 2 + FLUOPESCEP *
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Eight years ago Adam (Adam 1.iu, 19 72; Adam ind Steinmetzer, 1972)

reported the first swthesis and 'haracterizat ion of authentic dioxe-

tanones, prepared by dehvdrative cvclization of the corresponding c-hydroperoxy

acids, equation 26. The. were shown t(, thermolvze as anticipated to carbon

dioxide and the corresponding ketone with tile concomitant emission of light.

0 H RN=C=NR 0-0 -c 0

0 o (26)

21

Thermolysis of dimethyldioxetanone (21) produces both excited singlet and

triplet states of acetone, identified by their characteristic fluorescence and V
phosphorescence spectra and by their behavior toward oxygen quenching in

Freon TM-113 solution. The spectra are superimposable with those from tetra-

methyl-l,2-dioxetane (3) under comparable conditions. The yields of excited

singlet and triplet acetone produced from the thermolysis of 21 were determined

relative to the yields of excited singlet and triplet acetone from thermolysis

of 3 by direct comparison of chemiltiminescence intensities under identical

reaction conditions. The yields from 3 are fairly well established at 0.2 and

30%, respectively, and the excited state yields thus determined from 21 are

0.1 and 1.5% for the singlet and the triplet. respectively (Schmidt and

Schuster 1978b, 1980;i). SimiLir ,×citation efficiencies for 21 have been reported

by Adam et al (1974, 1979) and by Turro- and Chow (1980). Thus dimethyldioxetanone is

qualitatively similar to alkyl-substituted dioxetanes in the unimolecular

chemiItiminescent thermolvsis in that the formation of triplet excited states

is favored over the formation of singlet excited states. The total yield of

excited states from 21 is,however, twentv times lower than from 3, despite
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the fact that the thermolysis of 21 is approximately 20 kcal/mol more exo-

thermic than thermolysis of 3.

The kinetic activation energy for the decomposition of 21, Ea% is 22 kcal/mol

in several solvents. Significantly, the activation energy for excited singlet

acetone formation, Echl, was determined to be 25 kcal/mol, (Schmidt and Schuster, 1978b,

1980a) suggesting that two competitive parallel pathways for decomposition of

21 are operative. The more highly activated pathway leads to excited states,

while the lower leads to "dark" decomposition. Activation parameters recently

reported by Turro and Chow conflict with thest results, however (Turro and

Chow, 1980 ). Both E and E were measured to be 22 kcal/mol and their dataChw,190 . ot a chl

thus do not differentiate paths leading to ground and excited-state acetone.

The only apparent difference between the two measurements of Echl is the tem-

perature range employed, but this difference alone does not accommodate the

discrepency. The qualitatively similar reaction and chemiexcitation parameters

for dioxetanones and the closely analogous alkyl-substituted dioxetanes suggests

that similar reaction mechainsms are operative. For the dioxetanes a good deal

of experimental evidence favors the biradical path (see above). Experimental

evidence for the dioxetanones is lacking. An attempt to distinguish between

the two mechanistic extremes by a study of deuterium kinetic isotope effects,

analogous to the study on dioxetanes by Koo and Schuster (197 7a), was reported

recently by Adam and Yany (1980 ). tert-Butyldioxetanone with deuterium sub-

stitution on the ring carbon was investigated. While virtually no kinetic

isotope effect was reported (kH/kD = 1.06), and this was interpreted by the

authors as being consistent with the biradical mechanism, the experimental

uncertainty in these determinations is intolerably large, and conceivably

could obscure the small secondary deuterium isotope effect predicted for a

concerted mechanism.
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While experimentat evidonCC I'n the me-h.inistic details is lacking, recent

investigation of the structure and reactivity of the parent unsubstituited dioxe-

tanone bv self consistant field theory offers some insight into the mechanism

of the reaction (Schmidt et al., 198] ). of signific{;mce

to the understanding of the thermal chemistrv of dioxetaihone is the prediction

that stretching the oxygen-oxygen bond does not cause a concomitant increase

in the length of the ring carbon-carbon bond. Although the calculations were

not carried all the way through to the transition state, progress along the

reaction coordinate was significant since the energy increase obtained is nearly

half the experimentally determined activation enthalpy for dioxetanone 21. The

implication of these findings is that the thermolysis of dioxetanone mav pro-

ceed through the biradical state formed by crossing of the 14a' and 16a'

orbitals (Figure 5) as a result of -leavape of the oxygen-oxygen bond. A

similar conclusion was reached bv Harding and Goddard (1977 ) for dioxetane

using GVB calculations.

The results of the computation which implicate a biradical intermediate

for the dioxetanone reaction suggest an explanation for the difference in total

excited state yields, as well as the difference in triplet to singlet excited

state ratios obtained from thermolvsis of dioxetanone 21 and dioxetane 3.

Cleavage of the oxvgen-ox, ,en bond in hot h cases leads to a biradical presumably

initial ly in a sin)let qtAtte, lt eravstern cron.sing to the triplet biradical

is therefore in competition with cleavage Of the ring carbon-carbon bond
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( CC

b

Figure 5. Mo IectilIar orbit-il contmir (ifs ' the occupied orbital 14a' (it)

Mid the virtual orbital 16a' (b) of dioxetanone, fulil and dotted

1 inus refer to different phases ot the orbhitis.
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(Figure 6). For the case of dioxetanine the Io-;s; of CO2 competes with inter-

system crossing; for dioxetane it is the lo c of a simple carbonvl compound

that is in competition with intersystem crossing. The former is more

exothermic and, therefore, is probably more rapid, giving the biradical less

opportunity to cross to the triplet manif!d. k.onsistent with this postulate

is the experimental obseivation that the vielcd of excited singlet acetone from

thermolysis of 21 and 3 is quite similar (0.1% and 0.2%, respectively), but the

yield of triplet acetone from 21 is considerably reduced (1.5 vs. 30%).

While the unimolecular chemiluminescence of dioxetanones appears to fall

easily within the framework of conventional dioxetane chemiluminescence, the

chemiluminescence of dioxetanones in the presence of certain fluorescers falls

resoundingly outside that framework. Adam et al. (1974) noted that the addi-

tion of rubrene to solutions of dimethvIdioxetanone gave a yield of light

twenty times that obtained when an equivalent concentration of 9,10-diphenyl-

anthracene was added. Importantly, the apparent dissimilarity between rubrene

and diphenylanthracene is unaccounted for by any conventional dioxetane decom-

position mechanism. Also, significantly, Adam et al. (1974) observed an increase in

the first-order decay constant of the dioxetanone with the addition of rubrene,

an observation for which he was not able to offer an explanation. Sawaki and

09ata (1977 ) also observed, in the base-catalyzed decomposition of n-hvdro-

peroxvesters, for which a dioxetanone intermediate was proposed (equation 25),

an unusual dependence of the cliemiliminescence yield on the identity of added

f I uo rescer.

Recent work by Schmidt aind S, hi.;ter (197 ;, 1980a) has shown that the addition

if any of several easi lv oxidized, t 1t-ores,,'nt , aromat ic hydrocarbons or amines to

solutions of 21 resil to; in grcit lv enhanced -hemi I iminescence. Moreover, addition

of thse molecules accelerates the rate kit reaction of 21. The catalvzed

, , . . ....atrtr t I I
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Figure 6. Biradical intermediat-es, intersystem crossing, and

C-C bond cleavaIC LIn the chemiluminescent reactions

of dimethyldioxotanone (21) andI tetramethyl-1,2-

dioxetanone ( 3).
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over, t he fivd rocair hn i i i t~ td i I t L rti ,' [itt r,it er c- trvi' . i

t'atalv'St tor tile de, ol ''-u It ionl Ot Ik d i ' i.e uI ' tic k I lit- be i dv i r i'-

thus descr i bed hbv th I i imp Ie rit e I I%, t i. , r k' i t te r ! tc

cons ta nt tfr tin ink)IeCiL I -Ir re. tit vIivd k j - vi, inI ecu1.irt ite .'onst int t r

thle acttivator-'ataIx'zed ret'h 1i .71 i I t Wu ItIiIt1'I~euilar rite 'P ontsnt ' V

k k

independent (if activaitor ient it' t he' i) i VIL ectil ar rate conut int k ,.is hipghly

dependent oIn the nit ure of the i, t i vait'r . In Ii, t , k., in ben.!ene at 24.5%0 is

over 13(000 times 1,ir'cer for N, N-d imethv 1 diiix'ur''hienizinte (DM1') than it is for

rubrene . Thle re is a hroad r L* I r iO'l in) beLt Weeli t 12 vie Clct v!ron oxidatLion potential

of thle act ivitor aind the r'ar ieof k) In general thle more easily oxidized

activator (lowest F ) 11,1! 1 irger k,, issociojaed with it, ,uggesting an
ox

endergonic one el[ct ron t riris er trom act iv;itor to d ioxetanione in the rate-

determining- step of the t' taaytic rcit t ion.

The chemil1uninescenc e olivrvcd wihen t hese act ivat ors are ad (I i to solIut ions

of 21 is fluiorescence i rom Ithe v7-o'hted sinlet state of the activator. [ i e

relative in it ial I chem i lum intescence in tens it. is high Iv dependen Uupon tile

natuire of tile ait ivait r emnhtIoved; ai l.0C,000-foldi range in intensity is observed.

'rhe corrected relaitive intensity is iiiiiqiiely predicted byv thle one electron oxi-

dat ion potent ial I the ;' t Ii itor. TIhiis re lit ionliip, shown in Figure 7,

demionvirates that the hrmorIinII )Imnt- eit iCvu Ii Irr a ioltiiar cat a lv t i

reaction (of rate conut it k wo' f ih mjy involvye an endergonit' one electron
t1

transfevr frtom olit ivat or to,( dioxetanione h ,i he raite-det ermining step.
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chIie m ic 1 da ta to h)e eniide r o n ii caILt the e qu I i-iUM g r ouni d S t ,aItL'e Ceont r v ( the k

q iaIn t i ty 1, I.,O Ee -it an exact me-,qure oif tihe eneriget ics oit the

elcC't ron transfer since the redulti ion wave of the perolxide is i rrevers iblIe

and thuIs does not occur spontaneous 1 , indeed, the act iva tion enerpy for tiiis

process (E, h ) is 16 kca I/mo I. Th ie detai f-, of the awtivait ion of t te elIec tron

transfer are analv~ :tcl in Figuire 1) Cons ide r st retcih ing o1f tile ioxvgefl-oxvi en

bond of the encountler c'omplex. ()ne poss ible result oif tis mot ion i!s that t he

bond cleaves heoolvt ica Ilv iluSt as; is stispect 4 d for tile unimolecular react ion
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yielding a new complex it ict i v'etoio1 i 1 -!)iradii . InI Figure 9 this path

is, shown as the LcOrre lit ion ,I t lit, oncninter compilex (Al---O-8O) with the

state ACT-- ( 0()). Tiicrc i s, however, anot her elIec tron ic con figuration ava iI-

abetc thle bon~d-CIL'AVeL' -- Ite , one inl wfiicli an electron lIons been t ran:-ferred

rom ACT to thle frI~n t. ecd pe rox ide' c i It on ('1)I

0. 0. 0

A C I A CT

0 0

The relative energies o)f these two species can be estimated from electro-

chemical measurements. Comparison of thle elect rochemicai o cxidat ion potentija l

of the act ivators with tha t of a kI k carboxv lit' e anions; ( the elctrochemicalI

oxidation of' alkvl cairbox-vlates is Irreversible, use of this potential there-

fore provides onII% l al1ower limit to eneri,,o sepiraition of thle two states)

(RelihenibaCher t i,185 which most in( iiscd as a modelI for 25ai predicts

+ -

that the state ACT. 0 - 1. mciv lie isl viih ias 18 kcal 'mnol lower in eniergy.

than the biradical state. 'Iisstrtc ~tie, oxvgen-oxygen bond of the

pe roxide-ci ct i ater encotint Cr cong Ic x hea,,ds to in ivofided c ross'ing

(Ramninni and Salem, l1476 ) of hue hi radicail il elect ronl-Iransl.-

ferred state and thus simply o tiet Cli iio, the oxygen-oxyg ,en nonil provides al path

for aictivation oif the, clect ron rote

The resul ts,- of the SUF -ilcunlatioln in1 ioxe(tanone bea;r "In this mechin ism

(Scimidt et i;O., I1(,i1 I fihe tlctilitt ioiuu dhov: that ste igtheoxe-

ox"'gen blond of d1 ixet Fnon rel I inT . ro,rk.i!'l (ICile. ill thecoci':.

the uinccnnied 10;i' rhla h ilt on ,i t hIis he, tro- i i Ii chr)i t I enecr sy,

is t ,!"!lit-Itu drimit ici the( elk. Iri'il tro . Iis- Hte it ivnitinlz pro-

ce, I r Ihi c le t ron t ramn; fher in1 th11e Cl I F1. inn inn.11 is is1- n';I t 1 kiIV I I I C lie t r-et II -

1n g t t tIle x ni 0 e n



Flre , i 5rrt ionai iIv ox, di-i i, cr 1 r sirroi in br~r('kets in equation

29, may be an intermedi i te ,r, riore ' kelv , ai transition 4tarte. Back clectron

transfer from di oxk-L inane ritlic a I anon '- ithe oxv gen-oxyg:en bond intact

(k_ ) is- exergoi 1 arid (Ireref ore i ,ht L be nrt ic ipatud t o h c competit ive wit h

ixien-oxvgerr bond 0 Ie,iva -e . C'v o ]Ii v I r ririe tr i mi a si reie n ts have indicated

thIat thle rodLnotil iof per ,-'xeS to r-S i4 r re V( rs ill I, presumal]\ due to rapid

oxv gen-o)xygen bond c Viane.iiis ma;iv ruiIcait that the ox'; cen-oxygen hrn ad f

tire state shownl ini braike t in equat1ion 29' c leaves rapidlYv (k.3 - k_ C

giving the rardica1 iorn par25.

I'he SCIF calculaitions bearjj al ;i t his rioscript i.n. .I :rime importaince

is tire total energy if the radical ziniion olW lined byv o)Lacin aiw electron in

tilie 10ar orbital. TIhis orbitail is ariitiboind in,, between tire pe roxi de oxvizens.

lire striking result obt ained is thIi t on i c slgthis boodl distance 0. 2 K

from its equil ibriumr value the totail encr> the r,,irdical anion drops b),% ca.

52 kcal /mole. This resinu t isn! iko'l t inn ho ite0 tin~t tile oXVterr-oxvPgen bonld

of the radical inirir Of ditxoLt~inorit i:c diLjasr r itive iid thait irreversible

cleaivage fol lows immerltite 1 \ the I'(,o i'rt 0! LW ore1 tt'(1r . Tiii -,ar co isri on ir,

entirelyV consistent With theI eXp~er ii'r.'ot 1 1~ r rso thCi0i~tli

ss rem.

A controversiri I fortune (wi iro rsr . -. '''

1981 ) of the proposer rate, I ir'itiai' Lio(t Ioi trs I in jtj'. he in 1; 1

tion of tile linear t re energy, remI it iriisipi of tire t Vjt i'JIIVl hnli 1 !un

dimetlivldioxetanone. 'ihe inii i i cheni I rminor r'ent iritterris it \1 ai to ed imII

7 is di rect lv prirpirt iorra I t o thle rirrp i turde of k . lrcrn nei; r t

t ron t ra irrs f r f rrn noct i vittoir to " 1'r"X in ( iit ' e1st)k L- iMater! 1r0;' I tilt'nit io

p0oten11t r I 1 0f n' t i V:r tior, I Icw recin1 t ii pr )( i i t i. a f ' o t IIi- er : x I ci an (I C 0i11 Or'lrh h

wo rk t c rii' ('<!hr h ii are small I 1n pola;ir sror I a ic c'ordlinr s, teq(,I. 12, whrere Kk is

constant incorporat ing the eqii ibr-ium 'mat ant fir encounteor romrn ox tormrat orn

and other factuirs. 'lie fret r is sinrliklr Io thle wel11-known trans;fer cootii-
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i.~ure 9. State correlation diagram for the activated electron

transfer with simultaneous cleavage of the oxygen-

oxygen bond.
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cient which general Iv t,1r:s a value between 0.3 and 0.7 for electrode reactions

(De ahav , 1965 ).

For the chemilumilc. ,:eIlt rea, t ion s of dimetlivldioxetanone with the

aromatic hydrocarbon and ;imi,)lc doors the value of t is 0. 3. For thermodynami-

callv irreversible electron transfer reactions, as is postulated for this case,

the value of cx can be interpreted to reflect the angle formed by

the potential energy curves iTi the region of the intersection of reactant and
in contrast to 'alling's recent claim (Walling, 1980),

product. It is important to emph.si ze,/that the value of , is not related to

the fraction of charge transferred in the electron triisfer step. It should be

noted, however, that observation ot linear free enery relationship between

the rate and free enery of electron transfer does nt constitute proof that a

rate-limiting complete electron transfer i- involved. A reaction that occurs

through an intermediate with greater or lesser charge-transfer is expected to

show similar trends.

One notable feature of the correlation of relative initial chemiluminescence

intensity with activator oxidation potential in Figure 7 is the widely varying

nature and structure of the activators that follow this relationship. Several

significant exceptions are the zinc and magnesium tetraphenvIporplivrins (Schmidt

and Schuster, 1980b). These metllIoporpivrins behave as the other activators

in the reaction with dimetliv I di oxet anone in that the reactions follow first

order kinetics, the porphyrin is not consumed Iy the peroxide, and equation 27

is followed. The initial chemiitintiescence intensitv, however, is about 100

times greater than predicted by the oxid,it ion potential of the porphyrin and

the data of Figure 7. The himolecul ir 'ito conl,"i tolts, k,2 , moreover, are con-

sistent with the large inten; itv. That is, k, too is about 100 times preater

than is nredi ted hy the oxidation potCii ial of the metalloporphyrin.



The special cliemi Iumintescent t i ssof the zinc and magnesium porphyrins

appears to be a resul1t of grouind -st.it c omptelx formation between the mietal lo-

porphyrin and the dioxet;inione . Staible comp)]lexes of these metal loporphyrins

with nitrogen donors such as pvridine are wel 1 -known (Hiamright , 1971)

Weaker complexes with oxygen do nors ouLCIh aS diethyl ether are known as well.

Co~rt ain porphyr ins suc h a., -silv c io c.]rpvri and the non-metal lat ed

free-base porphyrins are known nor tO formi comptexes with such donors (Miller,

and Dorough, 1952). Significant Iv these porphyrins do not (lispla.v anv special

catalysis; the magnitude of the himolecular rate constant and the initial

cherniluminescent intensity are simply pretlicted by the measured oxidation

potentials of these porphvrins.

The magnitude of k ca, the experimentally determined bimolecular rate con-

stant for chemi luminescence, is relaited to several of the rate constant spe-

cified in Figure 8. The data on the hyvdroca-rbon or amine-activated chemilumi-

nescence indicated that k 0 k_ ACT 'Thus simple analysis of the kinetics

shows that:

k K 1 k AT(33)

where K 12is the equti i hitim coost tit for complex formation. For the amine and

aromnat ic hydrocarbon aict ivat ors- K Iis evidenit v independent of the structure

of ACT and probably depends, is in the Weller model (Rehim and Weller, 1 970 )

only on diffusion. However, ZnTPP 1MgTP , coi'P, cdTPiP, etc. form ground state

complexes with peroxide 21 and the miaguitutde of k cItis therefore the product of

K 12for the complex and k A.'Y I ndeud , if t i t s as ;ssumed Htt c omp I exat ion does not

affect k ATthen the itricr.t-~e ii the m.arn it t~e of K,. resuilting from ground-
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state complex formation is directlv reflected in the increased kcat

Further evidence for gr,und-state complexation as the cause of the special

catalysis was obtained by a spectroscopic studv in a model system. Such com-

plexes are typically characterized by shift of the maximum of the porphyrin

Soret absorption band relative to ,hat of the non-complexed porphyrin. In the

presence of a high concentration of Let r, nwtth"'-1,2-dioxetane, used as a model

for the coordinating ability of 21, the absorption maximum of ZnTPP was deter-

mined to be shifted 1.2 nm.

Final evidence for involvement of a ground-state complex with 21 on the

catalytic chemiluminescence pathway comes from the inhibition of the special

catalysis by the addition of donor molecules capable of competitive complexa-

tion. Both the rate constant for the reaction of 21 catalyzed by MgTPP and the

initial chemiluminescence intensity are decreased markedly by the addition of

diethyl ether and even more dramatically by the addition of pyridine.

This inhibition of catalysis apparently derives from (oTlplexation of the

diethyl ether or pvridine to MgTPP. The added donor competes with 21 for the

formation of the weak ground state complex, thereby inhibiting the otherwise

effective catalysis. The special catalysis of ZnTPP and MgTPP is thus fully

consistent with and readily accommodated by the C[IEEL mechanism.

The involvement of the CIEEI. process in the thermolvsis of 21 immediately

offers new insight into many previously perplexing proposals of dioxetane or

dioxetanone intermediacv in various chemi- and bioluminescent reactions. For

example, the discovery of activated chemiluminescence for 21, and the finding

that intramo]ecular electron transfer can generate a very high yield of elec-

tronically excited singlet (1lorn et aI,., 1978-79 ),prompts speculation that an

intramolecular Vrsionn of the C11I1T mvc hlin i.m is operating in the biolumines-

cence oif the firefly (Koo et a]. , 1978 ). This general mechanism may in fact
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electron donor exited singlet state

be typical of many chenii- Jn , '1iT'-scent systems, for our experience with

21, and other peroxides capable of reactions releasing sufficient energy to

populate electronically excited states, indicates that the most important

light-generating process is the CfEEl rpaction.

D. Diphenoyl Peroxide ChemilIuminescence.

The chemiluminescent reaiction of diphenoyl peroxide (26) with easily

oxidized, aromatic hydrocarbons, reported Ly Koo and Schuster

(1977b, 1978),was the first well-defined example of an electron exchange chemi-

luminescent reaction of an organic peroxide. Its study led to the postulation

of chemicallv initiated electron-exchange 1urminescence as a generalized mech-

anism for efficient chemical I ig,,ht frmat ion (Schuster, 1979 ; Schuster et al.,

1979 ).

Although apparently ener-,v stifficient, the thermal decarboxvlation of 26

does not generate detectablv excited states of the product, benzocoumarin (27)

(equation 35). Ioweve r , add it ion e; i Iv x id iz ed hvd rocarbons such as

I~ ~ C---- 0,CO (35)
0 -0

26 27
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rubrene leads to efficient tormat -ii of the excited singlet state of the hydro-

carbon and readily observe,! *'mi I urincscence.

The kinetics of the chemiluminescent reaction are first order in both

peroxide and hydrocarbon. The hydrocarbon, not consumed in the reaction,

functions as a catalyst for decarboxv lat ion of 26. Tiho kinetics for consumption

of 26 follow equation 27, ;i,, ;is is the case for dimethvldioxetanone. It was

also demonstrated that the electronicaillv excited activator is formed as a

direct consequence of the bimolecular reaction.

Of utmost import is the correlation which is found between the magnitude

of kCA T and the one-electron oxidation potential of the activator, the more

easily oxidized activators havin,, the larger values of k This indicates

that a one-electron transfer from the activator to 26 may occur in the rate-

determining step of the bimolecular reaction and determine, in part, the mag-

niture of k CAT  h Te mechanism proposed to account for the experimental obser-

vations on the chemiluminescence of 26 is shown in Figure 1M.

The initial electron trnster is followed hy oxvgen-oxvgen bond cleavage

and loss of CO2, 2generating henzocoumarin radical anion, a powerful reducing

agent, and the activator radical It ion. Annihilation of the caged radical ion

pair generates the singlet excited state of the activator. Evidence that the

light-generating sequence occurs within the initial solvent cage is provided by

the lack of effect of oxvg,en or trace amounts of water on the chemiluminescence

efficiency. Fuirther evi,ience' that electronic excitation of the hy'drocarbon

occurs while in the cage with hen:ocoumirin is provided by the observation of

thermally generated exciplex omission when N-nhenvicarbazole or triphenvlamine

I's employed as act ivator. This emission is iscribed to an exciplex of henzo-

coumarin and amine.
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f" 0 0
S+ AT I ----ACT

- 0 0

26

_ 0 0 -
I .- ATt - ACT +

0.I.. 0..

-C0 0 T CT0

0 ~ 0

27

Figure 10. The CIEEL mechanism for the thermal reaction of

diphenoyl peroxido (26) with aromatic hydrocarbons

(ACT).



More recently, direct experimentail verification ot the existence of radical

ions in the reaction of 26 w, a it ivitors, and of thei r intermed lacy in the

chemiluminescence procces w. is, obt-iined byv iinpl ing nanosecond laser spectro-

photometric techn iqUes t h .ti fit st r h is rect i on (HPorn and Schuster, 1979

Ex( ited singlet pyt-ene was generit ,* 1 ,% i rr~iii ion %,i t h a nitrogen lasetr. The

f luorescence of pvrene , , quc!i , l v d ihni peroxide and the ahsorpt ion

spec trum of the trans i 1.0 prt lii , rined tron thIiis reic t ion were re i Ord2 -'()On.-,

after excitation. The spectrum was- thit of pvrent, rid ical cation. D~etermination

of the yield of cacotp'IpxrCno rAdiCa1 Icat ion, the rate constant for the

reaction b~etween pvrene inj ti! 2-6, ain the qant tIM off iciencv of that reac-

t ion led to the conci us iii t hit pvrene s;inglet is rvegenerateld from the cage-

radical ion pair resi it inn, fr'rn its react ion with 20 thus confirming a kev tenet

of the CLEEL medlian j Sm. Final lv, ''"kiiet i link'' waIs est ib Iished between the

excited state act ivitorsi id the previous! v invest igated c round state activators.

The reaction of triplet inthiricene with 26 proceeds with a rate constant predic-

table from its oxltlat ion pot eitl andl thc txidat ion potent ia 1-bimolecular rate

conistan t correlat ion est ib Ii lied with ground st ate at t iva tors . Tht is f inding

confirms that rate-limit inn c oct roi transfer ti) form a rid icalI ion pair is~ the

initiating step in the (I LI]. ron 'i of diphenlovi peroxide.

E . Cliem iiurnin S con1 e Ol .. \'Vt i, ',e ond i rv te roxvecs ters.

Iliat t, (;lovt'f uini P)hr I 7') reported that the tlxermt I vsis oif aicc I ic

secondary periixvest err; gvinrt it t crloxv Ic ic Id and thle aipproipriate ,cairhtny I

compound; equation 36. 'lluIm'T 1'!W1ni it a ''I C Iiat ions using t lie group eq i va lent

method (Benson, 1970) i at.te t iit thle pri)tttvpictil react ion is exothuermic by -ca.

60 kcal/mole. Whenlii.> ti I itv xi " m wi thi thle rvt t ion act ivat ion



0H

RFC-0-OCP 2 F~RPCOOH + R2RC=o (6

energy it is clear that there is stiffti ient onergv available at the transition

state of the secondary peroxvester reac'tion for the formation of the excited

state of the c a ronv 1crompound.

Dixon and Schuster (197L , 1981 ) have reported the results of

their investigation of both the thermal and electron donor induced reactions of

1-phenviethyl. peroxvacetate (28) and ia ;erieL; of suhstituted 1-phenylethyl

peroxyhenzoates (29a-2 9 e) .lThe\, repiort the direct generation of electronically

excited states from unimolecular tljermolvses, as well as generation of light

by the chemical lv initiated elec tron-exchange luminescence mechanism.

0 H 0 H

C3- CH3  \-/CCH 3

18 29 a X=H
291) X =p -OMe

29c X=p -N (Me) 2
29d X =P -N0 2
29e X~m-N0 2

CH3  0
Benzene

Ph A R A P Ph)'CH3 +RC237

R CH3 1 Ar
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The rates of thermolvsis of Lhe >roxvesters in argon purged benzene can

be followed conveniently by their direct, indirect, or activated chemilumines-

cence. In all of the cases reported peroxvesters in benzene solution show

clean first order reaction for low initial peroxide concentrations (10 - 10 M)

The activation parameters for tiht )trxv,,, ,r thermolvses reveal some important

detai ls of the reaction mechinism. The activation enthalpy obtained for peroxv-

ester 28 is quite similar to that reported by Hiatt et al. (1975 ) for related

secondary peroxyesters in the vapor-phase, but it is considerably higher than

the values obtained by these workers for solution-phase reactions. Similarly,

the activation entropies reported for 28 are more closelv aligned with the

vapor-phase values of Hiatt. This observation is of significance since the

rather small activation enthalpv and negative activation entropy reported by

Hiatt et al. were used to support tlh' not ion Of a cVclic transition state for these

reactions. In contrast, the activation parameters reported by Dixon and Schuster

for peroxyacetate 28 resemble closely the Values measured for tertiary peroxy-

esters where the cyclic transition state is not possible and simple oxygen-

oxygen bond homolysis is the accepted mechanism (Pyror and Smith, 1971).

C H\ -... --H\ H 0

F'h0 ---..... 0 " C,, . . .

Cyclic LinearTransition State Transition State



Thle degree oft carbon-b vdroi~e ni invol vemien t in tilie rate de term in ing stei

of the unimolecular tiiernol,- ivU. 'n c robe~j1 L mea -nrilig tile kinc: U i ,t r
wi t 11 dcut 'r Io:

effect that results from replicemrit 1! OIL' met Line hvdroslen if -28 1 Ill benI;eneI

at 1000 k 11 /k 1) is 1.1I1 + 0. 10, ai v~i I o ni.-idre to 1,c too -imillI to, tie india'-

tive of significant clerivapie Oftw a o-vsrhi ond at tile re-atin11 trainsi-

tion state. For an exotirormii- reoot 'n qiit; inl o~iri transit ion s :Ite thbe

expec ted isotope effect Obser-ved llin idit 'ie qurite 0 smi . Howieve r, * M0is tr 11,1S

observed an isotope effoct for Lilt ,t l isI -OFIrO di-sc*n peroidc.> if aboiut

three (Durham and Nhster, 1 0w)).Y,~ in mt otl.rt to tile moifItied Rwussole

mechanism proposed by H iatt and ',,worker.,, thle l inear represent at ion for tile

reaction transit ion state appeairs to, ie more aciurate.

The activation parameters rtepirted for the subsit ituted peroxvbenzoates

show a slight dependence on the natuire it the suiist ituient whiich hlas statistical

significance on Iv for tire d imetiiv lamino s-ubs t i tteii peroxvblenzoate 29. In this

case both All and] AS are c onis ider d0 Iv smal ler thiall for thle otiler structures

examined. Tile incas n re'd k i ne ic (leuteor ium i sot impe effe0ct when t lie me tirine

hvdrogen of tis compound is iep Ii-oi Iv deiter i rim is 1.18 + 01.04 which also

fails to indicate s ignif ic~rnt iriVi xtTliiet Of the 1 , rriion-IrVdrogen bond aIt thle

transition state.

in suim, tire tirerimil ;i isit -ic idt a indicate that tire meciranis'm tor

thermolvsis Of thes e peroxvesters I is; :Is tile raite-dot ermillng mptep tire c leavage

o f t IrIe oxvgel-l ve Lun hl(IW it i10oiit rIric I * i f *IilV CA iarhiiirr-id rogcii bond c I eIvag Ve



it I'. .en T' in ti tea I

0 H 0 H 0

lMe) 2N M CH3  10 -w '(e N ----- te- /M.-

Ph

H
- ~( Me)2 N coi -f- CH3 )- tcN,'"COH + PhCOCH 3  (9

Ph'tC2

F iguire I 1. Met- haiism of tt rm- Iv'- -i - t of , u( d a rv pt- roxves te rs.

The thermolvs i> ot >i ,:* m- d o suiitituted peroxvbenzoates 29

gives both (I i ret ' t Im i I ri t-k I. Iil~ I e. ierrnOlvsis of peroxva-etate

28 in benzene s-o uti1)n ii litl' -i' vor\ wea- direct chemiluminescence. Th ie

emission is so weak tliit ..11 rl - iIn 0spectrll could not hi- obtained.

When hiacetvl, whic tha Itt -iTli ilruil% h- tiglur phosphorescen1Ce, quantum etticielcV

than acetophenout, ( liikst t id Siindros, 11)5q8 ),is used ais ant eiiergy acceptor

a reasonablv st ron s, hIem i' ; 1iTH I( 1 ,( IIt 0th ll iA T) I] t 5,. TI Ie s poc truI m o t

this emission is ilent i-a; I it it 1, i lvliuslioreS-ence. This observa-

t iofl i nj it -, t hat oif ii - w I ' I tato fo rmed in thle t herm;i I

react ion is a t rip]let , ir f 1 a:'.-> ,I-rssi- tlu, I i rst formed state

is more ri-id than hiei -lt &ct lr roistr to bia-etvl . In either case,



tlit' s t ru, Iure kl ' & it : i " . Lth rr tetie -vsi, ot T, voxvester

2S is assi.ged t .r . it ed ,t, e tpi tenote formed under

lthe-e ,b, it i , ri ' rt,, ' , , .x , and Schuster, ]q8l).

The direct aud indire t I W1 1 171i 0 ., C , for the substituted

perxvienzoiat- H er.irk i,,,' .,r . nt-t i I the substituent.

The parent per'xv-,''e.v ',.: ' ,, p-N), (id), and m-NO., (29e)

subst ituted perxv'en, i,, ,'>" it e, direct c-hemi I umine cence , a re s lt

similar t1o th t ii',.. tr tet, 'rx t,, tite. ,\lso, the indirect chemiiutmin-

escence wit h 9, lO-d t-,, It ' r ,- P'.)BA) ;5 an enerv accepter is verv weak

with these pe roxi de . 11 ,,:1 r.It ' , t result s, the dimethvlamino substi-

tuted per.zx-te,,te( . i . , reasonablv intense direct and

indirect clIemiluMinescen e .

llierne vsi at ncr's ide 2)c e a- el it et

emission whose spect rum is identi-,f t fhe tI-Iores ,euce spectrum of photo-

excited p-dimethvlamiibena:-i, Id noder - imilar conditions. Thus the direct

chemiluminescence is ittri,ute 1 to the Frm,it in o! the singlet excited acid.
(i)ixon and Schuster, 1981).

The vield of directly ien.,ted excite,! ,id is reported to be 0.24% / Since

none of the other peroxvbet;'a lte. -':crate detectible direct chemiluminescence

it Was not possib 1 te " ,- p ic -, . ,, I I ' ot at i- pi-' :-: id'es.

However, bv extrape iation it wa:i; c i cluded the dimethvlamino substituted per-

oxide seneri tec exc ited in 'lt wi. -. it it ,ie tlieitismin times more

efficiently than does the p)roxvI'c tIte or anl ef the ether peroxvbenzoates examined.

Indirect chemilurmine.cene .ith IHA -is Ihe energ,, acceptor is unusual in

that the DBA is able to accopt (';,tr,v fr,, 4titficientlv energetic triplets aind

form its emissiv exitte ;i , e: .;tIt,, (t ipl t It, sinle, t ener),v trinls er)

(Wilson and S-ha a, )' 1 u, - t :.. lous it i, possible to use

the i r , i Imin'rtie t1 DI ,):, :1 iudiltOr If excited triplet state



formation. The vield of direct v irmti i :,! ,t dimethivIaminobenzoic acid and

Ienzoic acid obtained tro: ttcrmo ' .u.. tO per xesters is indi&cate d by DBA

U11 j ).1,19 resp,<ctively.
in,!irect chemilumino-;cei o to be 3. / : ' ; ', Ids (J triplet acid generated

from peroxvhenzoates 29a db , 29 ', PWU cc Is i:liated by the )lBA indirect

chemi luminescence intensity tare il ' tis 5 tian that of 2c.

Evidently, the p-dimethvlawin, 1!h>, ' rt i,,, tly alters the ability of

these secondary peroxvhenzoates to ienier-te electronically excited state pro-

ducts . Two I ike 1 v rat i m I i za t iu1s tor t-i f fe' have 1 ee p ro (sed . The

first is that the powerful v ele ri-doiat en , 7i, , lt t tiunt somehow alters

the reaction transition state to facilit;ito exci ted state formation. Or,

second, the lower energy of the ex itt s ii Iet s tite of dimethNlamino-

benzoid acid (the singlet energy o' Ien:i c icid and p-dimetlivIaminobenzoic

acid are 98.3 and 83.5 kcal/mole, respe ,tivel)') directs the reaction to excited

products. The lowered excited state ener cv exp]lnaition, however, does not

appear to hold for the formation of trip lt c ids. The triplet energy of p-

dimethvlaminobenzoic acid is 73.3 kcal!iIol,, which is ,nlv "3.8 kcal/mole below

the triplet of benzoic acid. Yet the vicls , triplet excited states differ

by a factor of ca. 500. At thi tl: , i- , cAP Ig is explanation for the

increased excited state vield IroI , .c" it, ico'n offered. However,

we note that a similar effect of imino ition his been reported in the

luminol series (see below).

Activated c hemi I um ines coc ; i -I-,d trom t he,;e ec oi(,1r. perox'esters

is wCl I. Whhen the thermolv is I pt,ro,v, ,'t to 28t ii bel'n7' solut ion is

CarrieU uit in the presence o.f .j smil ,i ,iint ,'I iii e;i-i Iv oxidized substance

the cour;(' .f the react ion is a impl ', addition ot N,N-d imethv l-

dihv',droid i,'ii I l !len;i: ilit ' , I 1 'ei i t-Tit 1 n O ac ,eIerattes t ihe

r;te , i ,,, t iii mid .i ises ti ho iti ik t i i ,i oi k t V' i i'Id o I ,,in glot excited
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U-Lx(;. Thsis evidenice,! tiC I ,!i ii, 2 iniai spectrum which is

identical to the f ii uurs'ne i fP'V: .ht .1i ned ider similar cond i-

t ions. Spec tros copic IIsI elL2t dli v !t, iii- the DMAC is not consumed in

its reacr on with 2cev2 8 (v-A-11 . t ht nu-ru.xvester is.- present in thirty

fold exces-.. TheC pr-odIucLts . ,' I pe - a-n V of [)MAC remain

acoetophelkne Ad act ic I, id -;.I jdiat thait DWL*C is t true

catalyst for the reaict '()I -I 'L'; i . lie results of these exi imct

with IXIL\C, plotted ?iccordiup), eoJ<0 <i 9.73 x . s

DMKAC is not unique in it abhliit'. t . .natlvze the react ioui of peroxvacetate

28 and provoke the iormaition of excited simj~er states. JThe chemi I -ininescent

intensity (correc ted for ch;-upes iii I1 norescence efficent-,., IT)L phtomu t i-

plier and monochromaitor spectral rcsponuce) ia hown to) he a sensitive function

of the nature of the ict iv'ator . tor (ondit ions ot low, but constant, activator

concentration the magnitude ,t ll corrected cheni luminescent intensity is

r(71lated to the one el icI ron -.:,idait ion pt ent in Il of the acLtivator. The inverse

linear relationship between thiw lo t tie c-orrected cliemi luminescent intensity

and the oxidation potert Iil o .f th tcti vanor is, irimai fac ie evidence for the

operation of the CUA"T. mhnrC ue12. Th'lis reaction is postulated to

Ph H 0 +Ph H- -H C
CH 3~kCKH A 0- A, [H 0 HH 3\.H C (40)

- cH "Co /'
SPhCOCH 3 ACT )---. PhCOCH 3 + ACT -- light (41)

Figure 12. CI EEL mt-chan ism for sec( inrx purexves ters.
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be init a ed hv te w th-r e r tor of an electron from the

activator to tic p er. ter ,vig, f tit, .xYgen-oxygen bond of the

reduced peroxide awl t rams'r f :.:r.,m torm icetic acid, thus leaving aceto-

phenone, radical inion and wct iV ., r ridi .. i I t in %, thin a solvent cage.

Annihilation of these oppo-sit,-" , ",, ( i , .c ion- leads to the formation

of the excited singlet :t , W .t .- i'4 itt is detected bv its lumines-

cence.

The one exception to the, corri 'it ,)T of corrected chemiluminescence inten-

sity and oxidation potenti.il reporteL! o r tIris system is for dimethyldihydro-

phenazine (DMP). However, Lh ih i,, roidli. understood with the CIEEL mechanism.

[n order to form an electrnicallv excited state bv an ion annihilation, the

energy released by the annihilltimn 1ts he at least as great as the energy of

the excited state. The energv released ,n annii.i1ation (.'.F" +/ ) can be estimated

using available redox p1t intiaIs, lie energy of the target excited state, in

this case the singlet, (,'i-; is eatimited from optical absorption and emission

data. It is clear from the datai that for all of the activators used except DMP

there is sufficient energy released to form the excited singlet. DMP remains a

catalyst for the reaction of pero:v.\ t,-te _2, but it cannot be promoted to its

excited singlet state on annihiI .: ri, hocnuse insufficient energy is released.

This observation offers further convincing evidence for the intermediacv of

radical ions in the oct ivnted ciremi Imin.cence of the peroxyacetate.

...... " o



The response of the proxvhenz.-)It to hie ClEE!. activators depends

remarkab I v on tile nature o f thI e stib, t -oil t Thlie unsustituted peroxybenzoate

Q'Ii hehaves in a i air hi.n ne.r1 v i-n~I '( tliL obhserved for

thle pc'roxvacetate 28 . Th, ;:-x :.c' :st i t ited peroxybenzoate 291) behaves

quite like thle parent, but the -" r- stiisti tiited compounds 29d, and 29e and

the p-dimethivlamino stih -t 1trrted peroxvx; :iz)ate 29c behave quite differently.

Thle properties of thes;e compounds , liowc'er, can be understood within the CIEEL

mechanism. For example, tire-rii trowib ;t i tiod peroxvbenzoates 29d, and 29e

exhibit k,, with DMAC :iptro xnlmrtelv tec ' ires greater than for the unsubsti-

tuted peroxide 29a. Yet the vield onf excited singlet DMAC generated by 29d and

29e is 700 tines less than from .' lK. This ,eemniiw, inconsistencv can be easily

understood. In the postulated CIEKI. pa th, the reduction of the peroxide results

in its fragmentat ion to acei-phenione and an irid. one of these species must be

a radical anion. For the pe roxvact.,atel and -tl I of the substituted peroxyben-

zoates examined, with the exce~pt icno 0 tie nitro substituted examples, the more

eas i Iy re duc ed s peci es o)f tIi i - pai i r i .,,e t,)p Iie none . T1hus, in these cases thle

annihilation takes plaice b)et1-vcerr '10phCel1ne tadica;l anion (1d =£2 - 2.3 V

vs. SC F) (Mainn and la rt;e tc i7' V and lout fv , 1972 ) and the act ivator

radical cation. lbt ro~nu t i- 'o '-t ' bhe nit- oroibho-t-ittjted aicids are

below thle reductioni poteititi of t-oophenne (Arai , 1968 ) . Thus when these

reduced perox ides t ragmenrt :nI' nl pt i I robab ly thle acid.

Annihilation letween thre u t. 1 !litliid rali cail ainions and the act ivator

radical it oi > o . u .. ri - to li tilt

excited sinuglet 'nt ate -o1 !1w

For t K. irot li i o i sirlint it it 8
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peroxv ester 29c a third type of 1,h-hvijr e rv\ed. Th~e corrected chemi-

luminescence intensity obtaiined is iindepeiident F the structure of the act i-

vator. This is just what is expected fior iJmple indirect chemi luminescence

where the activator is excited by enerv,: tr;insfer fro,,i some first-formed singlet

statLe . As indicated above, the initi! 7 t ,, in this system is p-dimethvl-

amiric' ton.oic ac-'d. Evidently,, the ele tr ,i dh>i.t iriuo i-dimethvl amino substituent

renders the peroxybenzoaite 29c ,uti 1,i dif f iculit to reduce

that the value of k 2 is so small that the bimolecular path never is able to

compete successfully with unimolectilar decomposition.

The most significant conclusion reachkud from investi-it ion of the chemistry

of the secondary peroxyesters is that the ene r,,; released onl thermal

conversion to the ketone and the carboxvl Iic acid can be directed to the forma-

tion of excited state products. However, the speific structure of the second-

ary peroxyester controls the specific: me< haaism of cliemiexcitation anid the

yield of excited state product obtained. these findings point the way to

further exploration of the chemistrv of these compounds.

F. Chemi luminescence of Luminol

The organic chemist' s interest in cieni luminescent phenomena was aroused

F irst by Albrecht 's (1923) report of igi cmi-solon from the reactions

of I umino 1 (5-nimino-2 ,3-dihyvdropli tha~iiai ne-,I !'-ditone) '30. Since that time

there have been innumerale icInyco t iga t i ona of this ,v stem and its, close re K.--

t i 'le,. There have also been excel lent r,-viot(-fS of much of thiis work, the most

recent being by Roowe I I and 1h"Ii tV ( 1978) . lierein we wi I I present a

broad s;ummary of this work and ,ome conmeal s on recen t work oni analogous com-

pounds .



It appears that there rnv iac vrt iis, I caid i g to evnui I gcnerat ion of

elIectronic alI yv eLxc i tedl stitc I r- J I: rtii ui l~o l. I n nonV1prot ikc sal ktjlt , in

narticularI v ONSO, the reaiction a', pa ren! 1'. tre o( ch- t broigh0 tic Iumino 1 dianion

as an i.!termediate. React ion at t ht 1i inion wi th oxygen reoi Its in the forma-

tion of 3-amirioph tihllate in the vt' x ec . t Ln1 4.). Mli~k' anld Rosw'ell

N, Co il (42)

NH, 0 N13~ 0 Nii
2

30 _31-

( 1970) have shown that tinder these cond (IiLi ann, the cherliimjiinec, (ence is due to

emitssion from the exc ited plihthalate.

The precise nature of the cliemiexc i tat iou tep for I uminol remains poorly

def ined. Evident lv some p~roduct hrmied by interaction of the dianion with 0 1)is

capable of giving, excited states. tlofortunatelv, there is very little direct

experimental evidlence concerning the st rii'tzire of this product. One possibil itv

is the azaquinone (12) that resni t!o from two electron oxfidation of the dianion. It has

been confirmed independently W und Icr!!i 1 n, 1 968; INhi te et aI.,1 968) that aeaquinones

generate electronicall v excited phth. 1 ates on react ion with basic hydrogen perox-

ide. This observation has led to t he sup e,(st ion that azoendoperoxide 33 may he

the immediate percursor to the elect ronical 1\, excited phth.1late, equation 43.

Alternatively, endoperoxide _33 might he formed direct Iv from t he reactilon of

dianion 31 with 0

N

N N
NH" NWi

* 'i3 a
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Smit i and Schuter (P) 7,' ) h t rep crt-' tIie observat ion of chemiluminescence

from endoperoxide 4 wl. i ;, t i :tI'. related to proposed luminol interme-

diate 13, equation 41. 'his observiti n snciwsts vet another possibility for

the stu rture of the kt-\ heret ic..eit intermediate from luminol, the o-xylvlene

Pht

l l'l i r u[, I ,~l I ' )

-h (44).>. I I,-. ,Ph

It ip; ipiir"1nt thit tte I t,i( thIle ri-,h.iii i.;m of Iumino] chemi lumines-

eue i l rt i, s ,lvtLnt Ire ;t I i,!- ure. In protic solvent, in particular

writer, the i uit jll i, , rP 1ip ; i ji , pIicit ed . In this case the radical anion

of Itm mn I i( ) l ,i- ,een Ii ,mt cl A :, po .ib IL intermediate. It has been

shown recent v (-i,-t. i I n! . KI
,  

) iit the n ierat ion if this species

by pulse radiolvs! ison,i .tit t it,, pirt icipation in the chemiluminescent

reaction. Moreover, tie r-i i II I cii n wt- shi,n to react with superoxide to

form an intermediate cipahie of p.;iritiou in! between a light-generatinp path and

a dark path. The i il iepenien, v -1 thi part it ioning led to the stiggestion that

azaquinone adduct 37 i i a kef,\ iut erml i lie involved, equation 45, and that it

can ";o on to form the excitei ; milit phtlilllitte

1 .i 4

Nil N I

if 37



whereas intermediate 3-3 goes on to niv,,i , ,r, mid-state products. Further

dissection of iumiij, ciemi lnri e:, ,-ice iwiits :i1, clearer definition of the

immediate percursor to [ct -on ici l v t,. i~' ,I miimopltha-I:ite.

G . MiscelIlaneou'-/ Chemi I umi Ic, nt on . .

There are several L hein i cii I , t efl i .ti iiy be'en ,observed to generate

i n I it m l i > - ims a r (!,e 1 t -I! : iol, . !Lov of these react inis

suffer the same difficultv cis does ,umi noI That is, the key intermediate has

not been isolated, hence its st ructure is not known, and its pronerties must be

inferred from indirect o.tper ,:ieiti result>;. In Ii; iso t ion %.v will introduce some

of these svs tems and revi t., tiem briefIv.

Oxidation of organic materitl nezrly :ilwavs resitlts in the production of

detectable chemilumine;,'tc'. I! st ..to';iv, investigtions of this phenom-

enon have been carried -it by h! I'apintokli (1966 and by Vassil'ev (1967).

The mechanism f,,r ex( itked 1,t ie i - ,peratbin is complex, and the nature of the

excited state prodllcn l i,; i t ';ll- efined. However, from kinetic evidence,

and on the basis ot there bein i, t i, i,.it energy reLeased, it has been postu-

lated that the chemiex t i o ti,,n t,-p i., the ,,imbin;ltio i of two alkylperxy

radicals to form oxygen, iii ,i , ind ,i -x, ited state carbon yl compound,

eq. 46. Although the vield -1 ii to from lhiIis; process is very low, about one

2 RC11o00' -- R.:IIC + + R (>0* (46)

photon per 10 Coilinat ions (ml,!), Pll'" I- this phenomenon has been used

analytically to strdv ikutoxi-it io I vditca;rbins .id m;ny other materials

(Mendenhal , 1977



A striking and im!, Wi H C i I I~ ivies In OILC' ft urn anl ox idat ion is

the reaction of molvcu!. r -,, .. I Crsonird rL'agen ts. Thbis reac-

ion was discovered neearl1' (00 .ear!, -g' !''id (-t- 21l 1(423; 1)ufford , 1928)

l~v~s ~d 2eneii.,rst, §0 so ~c;II I> p;i-lv understood.

SCVIL tud ies (Bl] di a1d, .oira I . e ro r-,,icii, and nave

idleft i f jed h le Cm itt iii -nOte> C:' dc': ri Va v1 t es .

The eliminat ion ot t ,,1, (1,, 1e rim certaini peroxides has been

shown to be capable of ,aus ing vi,- iI Ic cheriluminescence (Kahn and Kasha, 1963

The exc'itation energy, of singlet oxygen is rather low (23 kcal /mole) and thus

the d irec't emission from this state is in thre infra red spectral region. I ndeed,

this emission has been detected in the gas-phase and in solution first by Peters

et- al (1972 ) and more recent Iv hv Kin~j ( 1980 ) . Vi sib) Ic e1 iglit ca;n resul t f rom

the simnul taneous transit ion of two 1 0,) inn lecul es. lbhis react ion is capable of

generating a photon of red l ighit or of transferritw energv to a suitable fluor-

Qscenlt acceptor,* eq.* 47. I t wa-s cli ain e( that this c heni luminescent process

I + I '- U---, + I ----- F1 +2 (47)

ma:-. he res pon s ib I e f or- iiaui v oft I I L' r-51 rve1 %. , ik I ,I umi nes c ing st sems ( Kahn

aind Kisha, 11966 1. 1t hasl- bwen iinot example, that this is the opera-

t ie mec'han ism Hn tI h mi Intv' oc I r11, f 1111 t h f'm.'lIeh-i 'Iand

hydr-0gen 196 HxieI' oi :.1 i

T[hev iol Jim i nescrvi 'I iv Ti 1) in i I wemi to involv e the react ion

of a f I;ivin hedroperixilt' wi t h an iileil' li; rm';O t io ('1 1' 1eoC(s tlhrough

r or more jutcr oiet ie (a i so T. -It? 0' ''1 T ;I) [Iq'( 0 I C n'o 1i IV Oexcite d

s taitec, eq. 48$ (i.i',i i, , Mi I el I Ti it t bioluminescent



-7 A'

R R

1 N N)

+ RCH + RCO H + light (48)N NH N 2 N

UI O

H

process several weakly chemilumine,;c'ent reactions have been investigated.

Kemal and Bruice (1976) prepared and isolated some 4a-hydroperoxy-5-alkyl-

3-methyllumiflavine derivatives (39) and showed that reaction of these compounds

with aliphatic aldehydes gives the correspordin ,, acid and some chemiluminescence

in dioxane or water solution, eq. '9.

CH

N 2N N 0
N CO N + HCO H + light (49)

0 CH 3 N 2

H ICHH3 o )

H 3

39

Similarly, McCapra and Leeson (1976) have reported that reaction of some

dimeric peroxides with 1,3,10-trimrethylisoalloxazinium perchlorate (40) gives

light. These authors suggest that this reaction proceeds by addition of the

hvdroperoxide to the 10a position to give eventually the spirolvdantoin 41,

eq. 50.
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CH CH CH cIi

3 1 3 3

+ 0 11 -l- K N , cO j

CH'I0 CH 3

jLO4- 3 CHI (50)

H N

41

Wliether these intermediates, or some 'tiers,;, ;ire involved iii the bacteri)-

luminescence process is still uncertain. The details of the chemiexcitation

sten will, of course, depend upon the specific structures involved. However,

there has been some recent speculation on the nature of this process. In

man1loy to the chemistrv if econdarv peroxv\esters schuster et al. (1979) have

propo-;ed an intran;olecii r electron trm fer. Kosower (1980) has invoked a

similar mechinism. Vorifi, it ion t- these proposalhs awaits further experimental

investigation.
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V Conclusions

Chemiluminescent phenomena are much better understood today than they were

ten years ago. Indeed, tile investigation-; of the last decade have finally begun

to provide rational mechanistic explanations for many chemi]uminescent reactions.

These explanations so far have revealed three general mechanisms for the trans-

ductions of chemical potential energy to electronic excitation. These are the

CIEEL process, ion annihilation reactions, and unimolecular thermolyses of high

energy content reagents. Within each of these groups the details of structure

and reactivity still remain mostly unexplored. Thus, it is not yet possible

to predict accurately the yield of excited state product by knowing the structure

of the reagent.

The practical applications )f chemiluminescent reactions are numerous.

They can function as sources of light, markers, analytical systems, and mechan-

istic probes, to name only a few. These applications, and the verv spectacular

nature of the phenomena, will work together to encourage further examinations of

these reactions.

AyjyV eIM : This work was supported by the National Science Foundation and

by the Office of Naval Research. GBS is a fellow of the Sloan and Dreyfus

Foundations. SPS is a University of Illinois Fellow.
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